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ABSTRACT
BACKGROUND: Postweaning is a critical developmental stage during which the medial prefrontal cortex (mPFC)
undergoes major changes and the brain is vulnerable to the effects of stress. Surprisingly, the engagement of the
mPFC in extinction of fear was reported to be identical in postweanling (PW) and adult animals. Here, we examined
whether the effect of stress on extinction and mPFC plasticity would be similar in PW and adult animals.
METHODS: PW and adult animals were fear conditioned and exposed to the elevated platform stress paradigm, and
extinction and long-term potentiation were examined. The dependency of stress-induced modulation of extinction
and plasticity on N-methyl-D-aspartate receptors was examined as well.
RESULTS: We show that exposure to stress is associated with reduction of fear and enhanced induction of long-
term potentiation (LTP) in PW pups, in contrast to its effects in adult animals. Furthermore, we report opposite effects
in the occlusion of LTP following the enhanced or impaired extinction in the two age groups and that the reversal of
the effects of stress is independent of N-methyl-D-aspartate receptor activation in PW animals.
CONCLUSIONS: Our results show that qualitatively different mechanisms control the modulatory effects of stress
on extinction and plasticity in postweanling pups compared with adult rats. Our results point to significant differences
between young and adult brains, which may have potential implications for the treatment of anxiety and stress
disorders across development.

Keywords: Amygdala, Extinction, LTP, Metaplasticity, Postweanling, Prefrontal cortex, Stress
ISS
http://dx.doi.org/10.1016/j.biopsych.2014.10.004
The interaction between the basolateral amygdala (BLA) and
the medial prefrontal cortex (mPFC) is crucial for extinction of
fear (1–5).

Fear associations can be learned by animals throughout
development (6). However, developmental differences among
different brain regions determine the age at which different
subtypes of learned fear associations can be acquired.
For example, whereas amygdala-dependent auditory fear
conditioning emerges by postnatal day (PND) 16 to 18,
hippocampal-dependent contextual fear conditioning was
reported around PND 23 and has been attributed to the
ongoing maturation of the hippocampus (7–12).

However, the mPFC and the BLA are late maturing struc-
tures and undergo major changes during postweaning (child-
hood in humans) in both rats and humans (13–18). In the
mPFC, both interneurons (19,20) and N-methyl-D-aspartate
receptors (NMDARs) (21,22) undergo dramatic changes during
cortical development at postweaning (23). This may suggest
that the inhibitory function of the mPFC on the BLA in early
life may be dissimilar across development (24–27). Similarly,
differences were reported between adults and postweanlings
(PWs) in the hypothalamic-pituitary-adrenal axis response
(28,29). Furthermore, the regulation of the hypothalamic-
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pituitary-adrenal axis undergoes extensive morphologic and
functional remodeling during this period (23,30–32).

Together, these observations raise the question of whether
stress would similarly affect mPFC-dependent functions in the
PW and adult animals.

In the adult animal, we and others have reported that
exposure to behavioral stressors is associated with impair-
ments in high-frequency stimulation (HFS)-induced potentia-
tion (long-term potentiation [LTP]) in the BLA-mPFC pathway
(33–35) and with impairments in extinction of fear (36–38). We
have also shown that stress induces an NMDAR-dependent
type of metaplasticity in the adult mPFC (34). In this study, we
sought to examine 1) the effects of exposure to behavioral
stressors on extinction and HFS-induced LTP in the BLA-
mPFC pathway in the PW pup compared with the adult animal;
2) whether prior exposure to stress and extinction training
would differentially affect the ability for further induction of
HFS-induced LTP in both age groups; and 3) the role of NMDA
receptors in occlusion of LTP in both age groups.

Our results clearly establish qualitative differences bet-
ween the two age groups and show that stress differen-
tially modulates extinction and plasticity in PW and adult
animals.
logical Psychiatry. Published by Elsevier Inc. All rights reserved. 1
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METHODS AND MATERIALS

Adult (�60 days old) and postweanling (24–27 days old) male
Sprague Dawley rats from the local animal colony at the Haifa
University were used (for details, see Supplement 1).

Surgery and electrophysiological recordings were previ-
ously reported in our studies (39,40) (Supplement 1).

Stress procedure was detailed elsewhere (39,40) (Supplement
1). Corticosterone assessment is detailed in Supplement 1.

Detailed description of the procedure of fear conditioning
and extinction was previously detailed in our work [e.g., (41)]
(Supplement 1).

Details of the drugs that were used appears in our previous
work (40) (Supplement 1).

The locations of the stimulating electrodes in the BLA were
verified histologically (Figure S1 in Supplement 1; see
Supplement 1 for details).

Data were analyzed using SPSS 19 Statistics software
(IBM, Chicago, Illinois) (Supplement 1).

RESULTS

Effects of Exposure to Stress on Extinction in Adult
and Postweanling Rats

Adult animals (adults, 60 days old) and postweanling pups
(PW, 24–27 days old) were trained to associate a tone with an
electrical footshock on the conditioning day. Twenty-four
hours after conditioning, the animals were exposed to three
tones for fear memory retrieval and immediately thereafter
were either exposed to the elevated platform stressor (EP;
adults-EP; n 5 8; PW-EP; n 5 7) or placed back in their home
cage (adults-control; n 5 8; PW-control; n 5 8).

Two-way analysis of variance (ANOVA) (2 3 2: group [stress
(EP), control]; age [adult, PW]) of freezing levels during the retrieval
test showed no significant main effect for any of the variables or
for the interaction (group: F1,28 5 .3, not significant (ns); age: F1,28
5 .09, ns; age 3 group: F1,28 5 .11, ns; Figure 1), which
suggests comparable freezing levels during the retrieval test.

Twenty-four hours after the retrieval session, the four
groups of animals underwent extinction training during which
2 Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal
10 tones were presented in the absence of footshock.
Repeated measures on the five extinction blocks showed no
significant effect of group (F1,28 5 .15, ns) or of age (F1,28 5 .3,
ns). However, there was a significant effect for the interaction
between age and group (F1,28 5 24.9; p , .0001), suggesting
that the two age groups behaved differently. Furthermore,
there was a significant effect of block (F1,28 5 24.3, p , .001)
in the absence of any significant interaction with the other
variables (F1,28 5 .8, ns), which suggests that the different age
groups extinguished fear memory similarly over the extinction
blocks.

Follow-up analysis of the observed interactions of age 3

group using one-way ANOVA with repeated measures on the
extinction trials showed differences between the adults-
control and adults-stress groups (F1,15 5 11.08, p , .005,
adults-control: 52.29 6 5.05%; adults-EP: 76.78 6 5.3%). The
results show that stress impaired extinction of fear in adults.

In the postweanling animals, one-way ANOVA also revealed
significant differences between the groups, with the PW-stress
group showing lower freezing levels than the control group
(F1,13 5 52.2, p , .0001, PW-control: 81.3 6 2.6%; PW-EP:
55.4 6 2.44%). This result suggests that stress facilitated
extinction of fear in postweanling pups.

Similarly, two-way ANOVA on the retrieval of extinction 24
hours after extinction training showed a significant interaction
effect (group 3 age: F1,28 5 41.3; p , .0001) without any
significant effect of group (F1,28 5 .6, ns) or of age (F1,28 5 .85,
ns). A follow-up t test on the observed interactions showed
that exposure to stress was associated with impaired extinc-
tion in adult rats (t15 5 5.6, p , .001, adults-control: 37.7 6

4.9%; adults-EP: 75.3 6 4.15%). In postweanling pups, the
differences between the PW-control and PW-EP were also
maintained during extinction retrieval, with the PW-EP group
showing better fear extinction than control pups (t13 5 4.5,
p , .005; PW-control: 68.6 6 4.1%; PW-EP: 42.9 6 3.8%).

Thus, stress exerts opposite effects on fear extinction in
postweanling pups compared with adult rats.

These results show that the similar kinetics of extinction in
all groups suggest a reduction in expression of fear rather than
facilitated extinction. To better dissociate between the two, we
Figure 1. Schematic representa-
tion of the experimental protocol. A
total of four groups were tested:
postweanling (PW) pups and adult
rats were conditioned on the first
day. The next day they underwent
retrieval testing (RET) and 24 hours
later, the four groups of animals
underwent extinction training (EXT).
The results indicate that stress
increased the expression of fear in
adults and reduced it in PW pups
(*p , .001 for significant effect
between adults-control and adults-
elevated platform stressor [EP] and
PW-control and PW-EP). These dif-
ferences were maintained 24 hours
later (24 hrs post-EXT; *p , .005).
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carried out an experiment in which animals were exposed to
the platform immediately after the retrieval of fear memory,
and 24 hours later they started with extinction training. Results
show significant interactions between group 3 age (F1,27 5

11.3; p , .005) and block 3 group 3 age (F1,27 5 8.02;
p , .001), suggesting that the groups in both ages extin-
guished fear memory differently (Figure S2 in Supplement 1).

Exposure to the Elevated Platform Stressor
Facilitates LTP in the BLA-mPFC Pathway Only in
Postweanling Pups

Adult animals and postweanling pups were assigned to two
groups (stress and control). The stress group was exposed to
the platform stressor for 30 minutes before commencement of
the electrophysiological experiment (adults-EP, n 5 6; PW-EP,
n 5 6). Control animals were taken from the home cage and
immediately anesthetized (adults-control, n 5 7; PW-control,
n 5 7).

Two-way ANOVA [group (control, stress) 3 age (adults,
PW)] on the amplitude values of the baseline evoked field
potentials before the application of theta-burst stimulation
(TBS) did not show significant differences for any of the
variables or for the interaction (F1,22 , 1). Thus, baseline
values (in mV) were similar across all groups and ages (adults-
control: 5.5 6 .63; adults-EP: 5.0 6 .68; PW-control: 4.72 6

.61, PW-EP: 5.13 6 .4 mV). Furthermore, there was no
significant difference in the stimulation intensities required to
achieve baseline values (F1,22 5 .9, ns).

Repeated measures on the percentage of change following
TBS (group [control, stress (EP)] 3 age [adults, PW] 3 12 time
points) revealed a significant effect for group F1,22 5 5.15,
p , .05), a significant age 3 group interaction (F1,22 5 28.13;
p , .001), but no significant effect for age (F1,22 5 .05, ns).

To better understand the source of the interaction and since
we were interested in how stress modulates LTP in each age
group, we performed repeated ANOVA test for each age
group. In the adults, exposure to stress was associated with
impaired LTP, as the levels of potentiation were significantly
higher in the control group (F1,11 5 17.8, p , .001; adults-
control: 134.4 6 4.7%; adults-EP: 103.3 6 5.1%; Figure 2B).
By contrast, in PWs, the stress-exposed rats showed higher
levels of potentiation compared with the control rats, which
showed moderate levels of potentiation (F1,11 5 11.7,
p , .005; PW-control: 109.3 6 2.3%; PW-EP: 126.5 6

2.5%; Figure 2B). Thus, stress is associated with impairment
of LTP in the BLA-mPFC pathway in the adult animal and with
facilitation of LTP in the postweanling pup.
Enhanced Extinction Following Exposure to the EP
Occludes the Induction of LTP in PW Pups

It has been previously shown that HFS-induced LTP is
occluded following learning. This phenomenon is thought to
occur owing to natural LTP-like mechanisms, which take place
during the behavioral task to enable the learning process,
resulting in inability of electrical stimulation to induce further
LTP (39–41). Furthermore, we have previously shown that
exposure to stress induces NMDAR- dependent metaplasticity
that affects further ability to induce LTP in the mPFC of the
adult animal (34,42). To examine the ability of TBS to induce
further LTP following stress, we used the elevated platform.

Similar to the data described in Figure 1, exposure to stress
resulted in reduced fear expression in the postweanling pups
and increased fear in the adult animal (interaction: F3,44 515.3;
p , .001; data not shown).

Following the termination of behavioral testing, the animals
were anesthetized for electrophysiological recording. To
assess the dependency of learning and stress-induced meta-
plasticity on NMDAR activity, two mirror experiments were
planned. As stress and extinction in the adult animal resulted
in enhanced LTP, we injected the NMDAR antagonist before
TBS. In the PW, EP and extinction resulted in occlusion of
LTP, and thus the NMDAR agonist D-cycloserine (DCS) was
injected to assess whether it could rescue the occlusion of
LTP. Three groups of adult rats were tested: extinction group
without exposure to the EP (EXT): n 5 9; extinction with EP
(EXT 1 EP): n 5 10; extinction 1 EP 1 MK801 before TBS
(EXT 1 EP 1 MK801): n 5 6. Repeated measures ANOVA
revealed a significant effect of group (F2,22 5 13.2; p , .001;
Figure 3B) without significant effect of time following TBS or
interaction (F1,22 5 .4, ns for both).

Post hoc analysis showed that EXT 1 EP significantly
differed from both groups in the levels of potentiation following
TBS (EXT 1 EP: 117.8 6 2.8%; EXT: 95.4 6 10.05%; EXT 1

EP 1 MK801: 102.4 6 3.9%; p , .005 for significant differ-
ence from the other groups). These results show that in the
adult animal, impaired extinction of fear following exposure to
stress resulted in induction of LTP and that extinction training
alone was associated with occlusion of LTP. Injection of
MK801 blocked the LTP induced by the combined extinction
and exposure to stress (EXT 1 EP). There were no significant
differences in baseline amplitudes or stimulation necessary to
elicit baseline response (F2,22 5 .53 for both).

In PW animals, three groups were tested: extinction group
without exposure to the EP (EXT): n 5 8; extinction with EP
(EXT 1 EP): n 5 10; extinction 1 EP 1 DCS before TBS
(EXT 1 EP 1 DCS): n 5 7. Repeated measures ANOVA
showed significant differences between the three groups
(F2 ,22 5 6.37; p , .005; Figure 3C), without significant effect
of recording time or interaction (F2,22 5 .87). Follow-up analysis
using post hoc comparison showed that the EXT group signifi-
cantly differed from the other groups, while the other two groups
did not differ from each other (EXT: 117.25 6 3.4%; EXT 1 EP:
105.6 6 3.2%; EXT 1 EP 1 DCS: 99.47 6 3.7%; p , .05 for
significant difference of the EXT group from the two groups).

These results show that reduced fear following exposure to
stress results in occlusion of LTP in PW pups. DCS failed to
promote the induction of LTP.

In contrast to the effects on responses following TBS, there
were no significant differences in baseline responses (F2,22 5

1.6; ns) or the stimulation intensity (F2,22 5 .68).

Increase in Plasma Corticosterone Following
Exposure to the Elevated Platform Stressor

Four groups were tested: adults-control (n 5 8), adults-EP
(n 5 8), PW-control (n 5 6), and PW-EP (n 5 6). Two-factor
ANOVA (2 3 2: group [stress, control]; age [adult, PW])
of plasma corticosterone showed significant main effects
Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal 3
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Figure 2. Four groups were tested: postweanling (PW) pups and adult animals that were either assigned to the control group or exposed to 30 minutes
stress on an elevated platform (EP). (A) Schematic representation of the experimental protocol. (B) Repeated measures showed a significant effect of group
(p , .05) and a significant interaction of age 3 group (p , .001), without a significant effect of age. Follow-up repeated analysis of variance for each age
showed significant differences between the control and stress subgroups within each age group (p , .005), with stress inhibiting the induction of long-term
potentiation in the adults and facilitating potentiation in the postweanling pup. Time zero indicates the application of high-frequency stimulation.
(C) Representative average waveforms. Horizontal bar 5 10 msec; vertical bar 5 .2 mV.
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(group: F1,24 5 11.8, p , .001; age: F1,24 5 16.5, p , .001) but
without significant interaction (age 3 group F1,24 5 1.8, ns)
(Figure S3 in Supplement 1).
DISCUSSION

Using behavior, electrophysiology, and pharmacology, the
major finding of this study is that following stress, the response
profile of postweanling pups differs from that of the adult
animal. However, it should be noted that baseline differences
between the two age groups also exist, pointing to devel-
opmental differences that will be discussed in the next sections.
Stress, Extinction, and LTP

The mechanisms mediating fear and its extinction, both of
which depend on the interaction between the BLA and the
mPFC, were reported to be similar in the PW pup and the
adult animal (43–45). The present data show that the ability
of the PW pup to form fear memory and to extinguish it is not
4 Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal
different from that of the adult animal. However, a differential
pattern emerged when the animals were challenged by
stress. Namely, exposure of the PW pup to stress weakened
fear expression and this effect is in contrast to the detri-
mental effects of exposure to stress on extinction,
which have been reported in the adult animal here and
elsewhere with the same stressor (4,37) or with other
stressors (36,46–50).

In addition, we showed that stress before extinction training
only weakened the expression of fear in the PW pups without
affecting extinction per se, as there were no differences in the
kinetics of extinction between the two age groups (Figure 2).
However, targeting the consolidation phase by exposing the
animals to the EP stressor after the retrieval of fear resulted in
differential patterns of extinction, i.e., enhanced extinction in
the PW pups and impaired extinction in the adult animals
(Figure S2 in Supplement 1). Together, the data show that not
only fear expression was weakened but also extinction was
affected (36–38), further confirming opposite effects of stress
on extinction in PW and adult animals.

www.sobp.org/journal
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Figure 3. (A) Schematic representation of the experimental protocol. (B) In the adult animal, repeated measures on the potentiation levels post theta-burst
stimulation revealed a significant difference between the three groups (F2,22 513.2; p , .001). Post hoc analysis showed that extinction training (EXT) 1 stress
on an elevated platform (EP) had significantly higher levels of potentiation compared with the group that underwent extinction only (Adults 1 EXT) and with the
group that underwent extinction, were exposed to the EP, and received the N-methyl-D-aspartate antagonist (Adults 1 EXT 1 EP 1 MK801). These two
groups did not show potentiation of postsynaptic potentials. (C) In postweanling (PW) animals, repeated measures showed significant differences between
the three groups (F2,22 5 6.37; p , .005). Post hoc comparison showed that the EXT group significantly differed from the other groups, expressing high levels
of potentiation while the other groups did not show any level of potentiation. Time zero indicates the application of high-frequency stimulation. DCS,
D-cycloserine; EXT, extinction training.
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Differences in the behavioral profile following exposure to
stress were previously reported in adult and young animals.
It was specifically shown that the same stress resulted in
hyperactivity in juvenile animals (same age used in this
study) and in hypoactivity in adult animal (51). This may
raise the question that reduced freezing in PW animals is due
to hyperactivity; however, this could be excluded, as the
groups show similar freezing levels during the first two
blocks on the extinction training (Figure S2 in Supplement
1). However, previous reports have shown that animals can
display high anxiety but decreased cued fear expression (52),
showing that fear may be manifested by low freezing. Future
studies should, however, combine different methods to
assess fear.

The differences between the two age groups could not be
explained by differences in stress-induced changes in plasma
corticosterone levels, as both age groups showed an increase
in corticosterone levels following exposure to the platform.
Prior exposure to the stressor impaired LTP in the adult
mPFC, consistent with previous reports (33–35). However,
exposure to the same stressor resulted in enhanced mPFC-
LTP in the PW animals, in line with reports that showed
exposure to stress was associated with a significant poten-
tiation of glutamatergic transmission in slices from the
prefrontal cortex (53,54). Interestingly, the authors do not
address the possibility that their data could be ascribed to
the age of the animals (25–28 days), which is the same age
used in the present study. Furthermore, they have shown
that acute stress at 25 to 28 days enhanced prefrontal
cortex-dependent memory in the delayed alternation task
(53–55). All in all, these findings raise the question of whether
all mPFC-dependent cognitive processes are enhanced
following exposure to stress in PW animals; this question
remains to be elucidated.

Our results were further confirmed by the ability to induce LTP
in the experiment combining behavior and electrophysiology in
Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal 5
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the same animal, in which we addressed the outcome of
enhanced/impaired extinction in the PW and adult animals,
respectively. The enhanced extinction in the PW pup resulted
in occlusion of LTP. Similarly, in the adult animal, the group that
underwent extinction training did not show LTP following TBS,
and in contrast, the EXT 1 EP group that showed impaired
extinction had high levels of LTP. Studies have shown an overlap
of mechanisms mediating HFS-LTP and training-induced syn-
aptic potentiation in relevant brain structures mediating these
types of learning [e.g., (39–41,56,57)]. Importantly, potentiation
induced by the behavioral training occluded the subsequent
induction of LTP by electrical HFS (39–41). All in all, our data join
previously reported data to indicate that the occlusion of LTP
induced by electrical stimulation suggests that an LTP-like
mechanism was activated during the learning task.

In the PW animal, only the animals that underwent extinction
expressed LTP, hinting that potentiation does not occur during
extinction training, unlike our previous report on adult animals
(57). These results also support that stress-induced extinction
alterations (and possibly other forms of extinction as well) are
mediated by different mechanisms in the two age groups.
The Role of the NMDA Receptor in Metaplasticity

Previous reports have established the role of the NMDA
receptor in the induction of LTP in the mPFC (33,58). Acute
stress was associated with an increase in glutamate release in
the mPFC (59), which has a crucial role in stress-mediated
effects on the mPFC (60).

We have previously shown that stress also induces a form
of NMDAR-dependent metaplasticity (61,62) in the adult
mPFC that can lead to further ability to induce LTP. This type
of metaplasticity could be manipulated by either the NMDAR
partial agonist DCS or by the NMDAR antagonist MK801 (34).
Our present data confirm that metaplasticity induced by stress
could be inhibited by the NMDAR antagonist MK801 at a
dose that does not affect LTP per se (34,63). Likewise, DCS
injection before TBS also rescued stress-induced impairment
of LTP in the mPFC (34). These findings are also in line with
reported data that showed the blockade of NMDA receptors
during restraint stress prevented stress-induced apical den-
dritic retraction in the mPFC (60), which is associated with
impairments in extinction of fear (36). All in all, activation of
NMDA receptors during stress contributes to stress-induced
alterations in mPFC functioning and confirms the protective
nature of NMDA receptor blockade, at least at low doses.

By contrast, in the PW pup, the injection of DCS was
ineffective in modifying the occlusion of LTP following the
enhanced extinction and exposure to stress. These results may
suggest that metaplasticity in the PW animal is not dependent
on NMDA receptors and further suggest that metaplasticity in
the two age groups is mediated by different mechanisms.

Developmental Differences

In rats, the mPFC undergoes a rapid period of growth from
birth until around PND 20. Although the mPFC reaches adult-
like thickness around PND 24, it continues to develop well into
adulthood (64,65). Because the mPFC is a late-maturing
structure in both humans and rodents (64,66,67), it was
6 Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal
reported that whereas extinction is mPFC-independent at
the age of 12 to 17 days in pups, it becomes mPFC-
dependent a few days later (68,69). Fear inhibition was
suggested to rely on functional amygdala and periaqueductal
gray structures, as they have been shown to mature earlier
than the mPFC [e.g., (6,26,70)]. Gogolla et al. (44) investigated
the mechanisms that mediate differences in extinction
between the preweanling pup (extinction leads to memory
erasure) as compared with postweanlings and adults (fear
memories are actively protected after extinction). The authors
showed that this protection is conferred by extracellular matrix
chondroitin sulfate proteoglycans in the amygdala and that
the organization of chondroitin sulfate proteoglycans into
perineuronal nets (PNNs) coincided with the developmental
switch in fear memory resilience, with adult and PW animals
having significantly higher numbers of PNNs than preweanling
pups. However, a careful inspection of their results clearly
shows that the PW pups (23–28 days old) also have a
significantly different number of PNNs compared with adult
animals, suggesting that even at the level of the amygdala,
there exist differences between PW and adult animals. This
finding strengthens our claim that the circuit mediating fear
and extinction is distinctive in PW pups compared with the
adult animal.

It should also be noted that the levels of potentiation in the
control group of PW animals were moderate. Marked differ-
ences were reported in intrinsic excitability and local circuit
activity between PW and adult animals in the dentate gyrus of
the hippocampus (71). Future studies, however, should
address whether other high-frequency stimulation protocols
can induce comparable potentiation in the two age groups.

Implications of the Research

Studies in humans and animal models have described age-
related shifts in cellular and molecular brain architecture and
disparities in the pharmacologic effects of various drugs on
different age groups (23,51,72–75). Although PW pups exhibit
similar fear and extinction behaviors to adults, the mecha-
nisms through which stress modulates LTP and extinction are
fundamentally different. These results provide novel evidence
that a stressful experience is processed differently in the PW
brain compared with the adult brain; this could be of crucial
importance when considering how to treat juveniles suffering
from psychiatric disorders.

ACKNOWLEDGMENTS AND DISCLOSURES
This project was supported by an Israel Science Foundation grant to MM
(663/13).
We thank Hamutal Rosengarten and Nissrin Lahoud for valuable help.
The authors report no biomedical financial interests or potential conflicts of
interest.
ARTICLE INFORMATION
From the Sagol Department of Neurobiology, Faculty of Natural Sciences,
University of Haifa, Haifa Israel.
Address correspondence to Mouna Maroun, Ph.D., University of Haifa,
Sagol Department of Neurobiology, Faculty of Natural Sciences, Haifa
3498838, Israel; E-mail: mmaroun@psy.haifa.ac.il; mouna.maroun@gmail.
com.

www.sobp.org/journal


Stress Effects on Extinction and Long-Term Potentiation
Biological
Psychiatry
Received May 22, 2014; revised Sep 10, 2014; accepted Oct 7, 2014.

Supplementary material cited in this article is available online at http://
dx.doi.org/10.1016/j.biopsych.2014.10.004.

REFERENCES
1. Milad MR, Quirk GJ (2002): Neurons in medial prefrontal cortex signal

memory for fear extinction. Nature 420:70–74.
2. Santini E, Ge H, Ren K, Pena de Ortiz S, Quirk GJ (2004): Consol-

idation of fear extinction requires protein synthesis in the medial
prefrontal cortex. J Neurosci 24:5704–5710.

3. Hugues S, Chessel A, Lena I, Marsault R, Garcia R (2006): Prefrontal
infusion of PD098059 immediately after fear extinction training blocks
extinction-associated prefrontal synaptic plasticity and decreases
prefrontal ERK2 phosphorylation. Synapse 60:280–287.

4. Akirav I, Maroun M (2007): The role of the medial prefrontal cortex-
amygdala circuit in stress effects on the extinction of fear. Neural Plast
2007:30873.

5. Herry C, Ciocchi S, Senn V, Demmou L, Muller C, Luthi A (2008):
Switching on and off fear by distinct neuronal circuits. Nature 454:
600–606.

6. Moriceau S, Wilson DA, Levine S, Sullivan RM (2006): Dual circuitry
for odor-shock conditioning during infancy: Corticosterone switc-
hes between fear and attraction via amygdala. J Neurosci 26:
6737–6748.

7. Dumas TC, Rudy JW (2010): Development of the hippocampal
memory system: Creating networks and modifiable synapses. In:
Blumberg MS, Freeman JH, Jr, Robinson SR, editors. Oxford hand-
book of developmental behavioral neuroscience. New York: Oxford
University Press, 587–606.

8. Burman M, Murawski N, Schiffino F, Rosen J, Stanton M (2009):
Factors governing single-trial contextual fear conditioning in the
weanling rat. Behav Neurosci 123:1148–1152.

9. Rudy JW (1993): Contextual conditioning and auditory cue condi-
tioning dissociate during development. Behav Neurosci 107:
887–891.

10. Rudy JW, Morledge P (1994): Ontogeny of contextual fear condition-
ing in rats: Implications for consolidation, infantile amnesia, and
hippocampal system function. Behav Neurosci 108:227–234.

11. Stanton ME (2000): Multiple memory systems, development and
conditioning. Behav Brain Res 110:25–37.

12. Schiffino FL, Murawski NJ, Rosen JB, Stanton ME (2011): Ontogeny
and neural substrates of the context preexposure facilitation effect.
Neurobiol Learn Mem 95:190–198.

13. Jernigan TL, Trauner DA, Hesselink JR, Tallal PA (1991): Maturation of
human cerebrum observed in vivo during adolescence. Brain 114:
2037–2049.

14. Giedd JN, Vaituzis AC, Hamburger SD, Lange N, Rajapakse JC,
Kaysen D, et al. (1996): Quantitative MRI of the temporal lobe,
amygdala, and hippocampus in normal human development: Ages
4–18 years. J Comp Neurol 366:223–230.

15. Giedd JN, Snell JW, Lange N, Rajapakse JC, Casey BJ, Kozuch PL,
et al. (1996): Quantitative magnetic resonance imaging of human brain
development: Ages 4-18. Cereb Cortex 6:551–560.

16. Sowell ER, Thompson PM, Holmes CJ, Jernigan TL, Toga AW (1999):
In vivo evidence for post-adolescent brain maturation in frontal and
striatal regions. Nat Neurosci 2:859–861.

17. Markham JA, Morris JR, Juraska JM (2007): Neuron number
decreases in the rat ventral, but not dorsal, medial prefrontal cortex
between adolescence and adulthood. Neuroscience 144:961–968.

18. Rubinow MJ, Juraska JM (2009): Neuron and glia numbers in the
basolateral nucleus of the amygdala from preweaning through old age in
male and female rats: A stereological study. J Comp Neurol 512:717–725.

19. Gao WJ, Wormington AB, Newman DE, Pallas SL (2000): Develop-
ment of inhibitory circuitry in visual and auditory cortex of postnatal
ferrets: Immunocytochemical localization of calbindin‐and parvalbu-
min‐containing neurons. J Comp Neurol 422:140–157.
20. Tseng KY, O'Donnell P (2007): Dopamine modulation of prefrontal
cortical interneurons changes during adolescence. Cereb Cortex 17:
1235–1240.

21. Kumar SS, Huguenard JR (2003): Pathway-specific differences in
subunit composition of synaptic NMDA receptors on pyramidal
neurons in neocortex. J Neurosci 23:10074–10083.

22. Liu XB, Murray KD, Jones EG (2004): Switching of NMDA receptor 2A
and 2B subunits at thalamic and cortical synapses during early
postnatal development. J Neurosci 24:8885–8895.

23. Spear LP (2000): The adolescent brain and age-related behavioral
manifestations. Neurosci Biobehav Rev 24:417–463.

24. van Eden CG, Kros JM, Uylings HB (1990): The development of the rat
prefrontal cortex. Its size and development of connections with
thalamus, spinal cord and other cortical areas. Prog Brain Res 85:
169–183.

25. Benes FM, Todtenkopf MS, Logiotatos P, Williams M (2000): Gluta-
mate decarboxylase(65)-immunoreactive terminals in cingulate and
prefrontal cortices of schizophrenic and bipolar brain. J Chem Neuro-
anat 20:259–269.

26. Wiedenmayer CP, Magariños AM, McEwen BS, Barr GA (2005): Age-
specific threats induce CRF expression in the paraventricular nucleus
of the hypothalamus and hippocampus of young rats. Horm Behav 47:
139–150.

27. Chan T, Kyere K, Davis BR, Shemyakin A, Kabitzke PA, Shair HN, et al.
(2011): The role of the medial prefrontal cortex in innate fear regulation
in infants, juveniles, and adolescents. J Neurosci 31:4991–4999.

28. Vazquez DM (1998): Stress and the developing limbic-hypothalamic-
pituitary-adrenal axis. Psychoneuroendocrinology 23:663–700.

29. Romeo RD, Lee SJ, Chhua N, McPherson CR, McEwen BS (2004):
Testosterone cannot activate an adult-like stress response in prepu-
bertal male rats. Neuroendocrinology 79:125–132.

30. Giedd JN (2004): Structural magnetic resonance imaging of the
adolescent brain. Ann N Y Acad Sci 1021:77–85.

31. Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC,
et al. (2004): Dynamic mapping of human cortical development during
childhood through early adulthood. Proc Natl Acad Sci U S A 101:
8174–8179.

32. Suzuki M, Zhou SY, Takahashi T, Hagino H, Kawasaki Y, Niu L, et al.
(2005): Differential contributions of prefrontal and temporolimbic
pathology to mechanisms of psychosis. Brain 128:2109–2122.

33. Maroun M, Richter-Levin G (2003): Exposure to acute stress blocks
the induction of long-term potentiation of the amygdala-prefrontal
cortex pathway in vivo. J Neurosci 23:4406–4409.

34. Richter-Levin G, Maroun M (2010): Stress and amygdala suppression
of metaplasticity in the medial prefrontal cortex. Cereb Cortex 20:
2433–2441.

35. Rocher C, Spedding M, Munoz C, Jay TM (2004): Acute stress-
induced changes in hippocampal/prefrontal circuits in rats: Effects of
antidepressants. Cereb Cortex 14:224–229.

36. Izquierdo A, Wellman CL, Holmes A (2006): Brief uncontrollable stress
causes dendritic retraction in infralimbic cortex and resistance to fear
extinction in mice. J Neurosci 26:5733–5738.

37. Akirav I, Segev A, Motanis H, Maroun M (2009): D-cycloserine into the
BLA reverses the impairing effects of exposure to stress on the
extinction of contextual fear, but not conditioned taste aversion. Learn
Mem 16:682–686.

38. Maroun M, Ioannides PJ, Bergman KL, Kavushansky A, Holmes A,
Wellman CL (2013): Fear extinction deficits following acute stress
associate with increased spine density and dendritic retraction in
basolateral amygdala neurons. Eur J Neurosci 38:2611–2620.

39. Rioult-Pedotti MS, Friedman D, Donoghue JP (2000): Learning-
induced LTP in neocortex. Science 290:533–536.

40. Monfils M, Teskey G (2004): Skilled-learning-induced potentiation in
rat sensorimotor cortex: A transient form of behavioural long-term
potentiation. Neuroscience 125:329–336.

41. Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006): Learning
induces long-term potentiation in the hippocampus. Science 313:
1093–1097.
Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal 7

http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref1
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref1
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref2
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref2
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref2
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref3
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref3
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref3
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref3
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref4
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref4
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref4
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref5
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref5
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref5
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref6
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref6
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref6
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref6
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref7
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref7
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref7
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref8
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref8
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref8
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref9
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref9
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref9
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref10
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref10
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref11
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref11
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref11
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref12
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref12
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref12
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref13
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref13
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref13
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref13
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref14
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref14
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref14
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref15
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref15
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref15
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref16
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref16
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref16
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref17
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref17
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref17
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref18
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref18
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref18
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref18
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref19
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref19
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref19
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref20
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref20
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref20
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref21
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref21
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref21
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref22
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref22
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref23
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref23
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref23
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref23
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref24
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref24
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref24
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref24
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref25
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref25
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref25
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref25
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref26
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref26
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref26
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref27
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref27
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref28
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref28
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref28
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref29
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref29
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref30
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref30
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref30
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref30
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref31
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref31
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref31
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref32
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref32
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref32
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref33
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref33
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref33
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref34
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref34
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref34
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref35
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref35
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref35
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref36
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref36
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref36
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref36
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref37
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref37
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref37
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref37
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref38
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref38
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref39
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref39
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref39
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref40
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref40
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref40
www.sobp.org/journal


Stress Effects on Extinction and Long-Term Potentiation
Biological
Psychiatry
42. Schmidt M, Abraham W, Maroun M, Stork O, Richter-Levin G (2013):
Stress-induced metaplasticity: From synapses to behavior. Neuro-
science 250:112–120.

43. Langton JM, Kim JH, Nicholas J, Richardson R (2007): The effect of the
NMDA receptor antagonist MK-801 on the acquisition and extinction of
learned fear in the developing rat. Learn Mem 14:665–668.

44. Gogolla N, Caroni P, Luthi A, Herry C (2009): Perineuronal nets protect
fear memories from erasure. Science 325:1258–1261.

45. Kim JH, Hamlin AS, Richardson R (2009): Fear extinction across
development: The involvement of the medial prefrontal cortex as
assessed by temporary inactivation and immunohistochemistry.
J Neurosci 29:10802–10808.

46. Miracle AD, Brace MF, Huyck KD, Singler SA, Wellman CL (2006):
Chronic stress impairs recall of extinction of conditioned fear. Neuro-
biol Learn Mem 85:213–218.

47. Garcia R, Spennato G, Nilsson-Todd L, Moreau J, Deschaux O (2008):
Hippocampal low-frequency stimulation and chronic mild stress
similarly disrupt fear extinction memory in rats. Neurobiol Learn
Mem 89:560–566.

48. Farrell MR, Sayed JA, Underwood AR, Wellman CL (2010): Lesion of
infralimbic cortex occludes stress effects on retrieval of extinction but
not fear conditioning. Neurobiol Learn Mem 94:240–246.

49. Wilber AA, Walker AG, Southwood CJ, Farrell MR, Lin GL, Rebec GV,
Wellman CL (2011): Chronic stress alters neural activity in medial
prefrontal cortex during retrieval of extinction. Neuroscience 174:
115–131.

50. Baran SE, Armstrong CE, Niren DC, Hanna JJ, Conrad CD (2009):
Chronic stress and sex differences on the recall of fear conditioning
and extinction. Neurobiol Learn Mem 91:323–332.

51. Jacobson-Pick S, Richter-Levin G (2010): Differential impact of
juvenile stress and corticosterone in juvenility and in adulthood, in
male and female rats. Behav Brain Res 214:268–276.

52. Dubreucq S, Kambire S, Conforzi M, Metna-Laurent M, Cannich A,
Soria-Gomez E, et al. (2012): Cannabinoid type 1 receptors located on
single-minded 1–expressing neurons control emotional behaviors.
Neuroscience 204:230–244.

53. Yuen EY, Liu W, Karatsoreos IN, Feng J, McEwen BS, Yan Z (2009):
Acute stress enhances glutamatergic transmission in prefrontal cortex
and facilitates working memory. Proc Natl Acad Sci U S A 106:
14075–14079.

54. Yuen EY, Liu W, Karatsoreos IN, Ren Y, Feng J, McEwen BS, Yan Z
(2011): Mechanisms for acute stress-induced enhancement of glutama-
tergic transmission and working memory. Mol Psychiatry 16:156–170.

55. Liu P, Yuen Y, Hsiao HM, Jaykus LA, Moe C (2010): Effectiveness of
liquid soap and hand sanitizer against Norwalk virus on contaminated
hands. Appl Environ Microbiol 76:394–399.

56. Rogan MT, Stäubli UV, LeDoux JE (1997): Fear conditioning induces
associative long-term potentiation in the amygdala. Nature 390:604–607.

57. Vouimba RM, Maroun M (2011): Learning-induced changes in mPFC-
BLA connections after fear conditioning, extinction, and reinstatement
of fear. Neuropsychopharmacology 36:2276–2285.

58. Jay TM, Burette F, Laroche S (1995): NMDA receptor-dependent long-
term potentiation in the hippocampal afferent fibre system to the
prefrontal cortex in the rat. Eur J Neurosci 7:247–250.
8 Biological Psychiatry ]]], 2014; ]:]]]–]]] www.sobp.org/journal
59. Moghaddam B (1993): Stress preferentially increases extraneuronal
levels of excitatory amino acids in the prefrontal cortex: Com-
parison to hippocampus and basal ganglia. J Neurochem 60:
1650–1657.

60. Martin KP, Wellman CL (2011): NMDA receptor blockade alters stress-
induced dendritic remodeling in medial prefrontal cortex. Cereb
Cortex 21:2366–2373.

61. Mockett B, Coussens C, Abraham WC (2002): NMDA receptor-
mediated metaplasticity during the induction of long-term depression
by low-frequency stimulation. Eur J Neurosci 15:1819–1826.

62. MacDonald JF, Jackson MF, Beazely MA (2007): G protein-coupled
receptors control NMDARs and metaplasticity in the hippocampus.
Biochim Biophys Acta 1768:941–951.

63. Rosenblum K, Maroun M, Richter-Levin G (1999): Frequency-
dependent inhibition in the dentate gyrus is attenuated by the NMDA
receptor blocker MK-801 at doses that do not yet affect long-term
potentiation. Hippocampus 9:491–494.

64. Van Eden C, Uylings H (1985): Cytoarchitectonic development of the
prefrontal cortex in the rat. J Comp Neurol 241:253–267.

65. Zhang ZW (2004): Maturation of layer V pyramidal neurons in the rat
prefrontal cortex: Intrinsic properties and synaptic function. J Neuro-
physiol 91:1171–1182.

66. Peter R (1979): Synaptic density in human frontal cortex—
developmental changes and effects of aging. Brain Res 163:
195–205.

67. Kalsbeek A, Voorn P, Buijs R, Pool C, Uylings H (1988): Development
of the dopaminergic innervation in the prefrontal cortex of the rat.
J Comp Neurol 269:58–72.

68. Nair HP, Berndt JD, Barrett D, Gonzalez-Lima F (2001): Maturation of
extinction behavior in infant rats: Large-scale regional interactions
with medial prefrontal cortex, orbitofrontal cortex, and anterior
cingulate cortex. J Neurosci 21:4400–4407.

69. Li S, Kim JH, Richardson R (2012): Differential involvement of the
medial prefrontal cortex in the expression of learned fear across
development. Behav Neurosci 126:217–225.

70. Kim JH, Richardson R (2008): The effect of temporary amygdala
inactivation on extinction and reextinction of fear in the developing rat:
Unlearning as a potential mechanism for extinction early in develop-
ment. J Neurosci 28:1282–1290.

71. Zitman F, Richter-Levin G (2013): Age and sex-dependent differences
in activity, plasticity and response to stress in the dentate gyrus.
Neuroscience 249:21–30.

72. Spear LP, Brake SC (1983): Periadolescence: Age-dependent behav-
ior and psychopharmacological responsivity in rats. Dev Psychobiol
16:83–109.

73. Adriani W, Granstrem O, Macri S, Izykenova G, Dambinova S, Laviola G
(2004): Behavioral and neurochemical vulnerability during adolescence in
mice: studies with nicotine. Neuropsychopharmacology 29:869–878.

74. Brenhouse HC, Sonntag KC, Andersen SL (2008): Transient D1
dopamine receptor expression on prefrontal cortex projection
neurons: Relationship to enhanced motivational salience of drug
cues in adolescence. J Neurosci 28:2375–2382.

75. Paus T (2010): Growth of white matter in the adolescent brain: Myelin
or axon? Brain Cogn 72:26–35.

http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref41
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref41
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref41
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref42
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref42
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref42
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref43
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref43
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref44
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref44
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref44
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref44
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref45
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref45
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref45
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref46
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref46
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref46
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref46
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref47
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref47
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref47
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref48
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref48
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref48
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref48
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref49
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref49
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref49
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref50
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref50
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref50
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref51
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref51
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref51
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref51
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref52
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref52
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref52
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref52
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref53
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref53
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref53
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref54
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref54
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref54
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref55
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref55
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref56
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref56
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref56
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref57
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref57
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref57
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref58
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref58
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref58
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref58
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref59
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref59
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref59
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref60
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref60
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref60
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref61
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref61
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref61
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref62
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref62
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref62
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref62
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref63
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref63
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref64
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref64
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref64
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref65
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref65
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref65
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref66
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref66
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref66
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref67
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref67
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref67
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref67
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref68
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref68
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref68
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref69
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref69
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref69
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref69
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref70
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref70
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref70
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref71
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref71
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref71
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref72
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref72
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref72
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref73
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref73
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref73
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref73
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref74
http://refhub.elsevier.com/S0006-3223(14)00763-X/sbref74
www.sobp.org/journal

	Differences in Stress-Induced Changes in Extinction and Prefrontal Plasticity in Postweanling and Adult AnimalsStress...
	Methods and Materials
	Results
	Effects of Exposure to Stress on Extinction in Adult and Postweanling Rats
	Exposure to the Elevated Platform Stressor Facilitates LTP in the BLA-mPFC Pathway Only in Postweanling Pups
	Enhanced Extinction Following Exposure to the EP Occludes the Induction of LTP in PW Pups
	Increase in Plasma Corticosterone Following Exposure to the Elevated Platform Stressor

	Discussion
	Stress, Extinction, and LTP
	The Role of the NMDA Receptor in Metaplasticity
	Developmental Differences
	Implications of the Research

	Acknowledgments and Disclosures
	Article Information
	References




