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Exposure to a fearful context during periods
of memory plasticity impairs extinction via
hyperactivation of frontal-amygdalar circuits
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An issue of increasing theoretical and translational importance is to understand the conditions under which learned fear can

be suppressed, or even eliminated. Basic research has pointed to extinction, in which an organism is exposed to a fearful

stimulus (such as a context) in the absence of an expected aversive outcome (such as a shock). This extinction process

results in the suppression of fear responses, but is generally thought to leave the original fearful memory intact. Here,

we investigate the effects of extinction during periods of memory lability on behavioral responses and on expression of

the immediate–early gene c-Fos within fear conditioning and extinction circuits. Our results show that long-term extinction

is impaired when it occurs during time periods during which the memory should be most vulnerable to disruption (soon

after conditioning or retrieval). These behavioral effects are correlated with hyperactivation of medial prefrontal cortex and

amygdala subregions associated with fear expression rather than fear extinction. These findings demonstrate that behavioral

experiences during periods of heightened fear prevent extinction and prolong the conditioned fear response.

[Supplemental material is available for this article.]

One of the major theoretical challenges in basic research on the
neurobiology of memory is to determine the conditions in which
memories can be suppressed, or even erased. This has implications
not just for understanding basic mechanisms of memory, but also
for applications that translate basic research into treatments that
may improve clinical options for disorders that involve a debilitat-
ing inability to suppress invasive, fearful memories. Many studies
dating back to Pavlov (1927) have demonstrated that exposure to
previously conditioned stimuli can eliminate behavioral respons-
es, but these studies have consistently found that this extinction
process suppresses the original memory without eliminating
that memory (e.g., Bouton 2004; Delamater 2004).

Several recent studies of memory have asked whether extinc-
tion under certain conditions can erase, rather than just suppress,
previously established memories (Myers et al. 2006; Norrholm
et al. 2008; Schiller et al. 2008; Monfils et al. 2009). One popular
idea is that extinction during periods of memory lability, which
is thought to occur soon after acquisition or retrieval (“immediate
extinction”), may permanently displace the original fear memory
with a new, safe memory. Evidence for this idea, however, is
mixed, with some studies showing no effect or impairments in ex-
tinction when it occurs soon after acquisition or retrieval of fear
(Morris et al. 2005; Chan et al. 2010; Kindt and Soeter 2013).

A key to determining the effectiveness of an extinction ses-
sion may be to determine the conditions under which neurobi-
ological circuitry associated with long-term extinction is engaged.
Many studies have demonstrated that when extinction occurs at
least 24 h after initial conditioning (“delayed extinction”), cross-
talk between the amygdala and prefrontal cortex mediates lasting
changes in performance (Quirk and Mueller 2008; Li et al. 2011).
In addition, studies of the amygdala and medial prefrontal cortex
have begun to show some of the substrates that underlie immedi-

ate extinction (Mao et al. 2006; Clem and Huganir 2010; Kim et al.
2010; Xue et al. 2012). One brain region that is strongly linked
with the prefrontal cortex and controls different aspects of fear ex-
pression and extinction is the intercalated cell masses (ITC) with-
in the amygdala (Hefner et al. 2008; Likhtik et al. 2008; Busti et al.
2011; Manko et al. 2011). However, little is known about how
these specific neuronal populations may be engaged in response
to extinction contingencies that result in differential response
loss (e.g., immediate or delayed extinction).

To date, no study has compared the effects of extinction soon
after conditioning with those effects soon after retrieval. To exam-
ine this we conducted extinction at post-acquisition and post-
retrieval windows that have previously been shown to be within
periods of memory lability (Fig. 1; Bourtchouladze et al. 1998;
Monfils et al. 2009; Stafford and Lattal 2009). Second, we examine
changes in the product of the immediate early gene, c-Fos, in-
duced by these treatments. We find that across a variety of behav-
ioral conditions, extinction soon after acquisition or retrieval
prevents the retention of extinction during subsequent test ses-
sions. These effects correspond to differential responses in the pre-
limbic cortex and in the subpopulations of the amygdala (e.g.,
ITC, BA, CeA).

Results

Experiment 1. Effect of post-acquisition delay on extinction

of fear expression and sensitivity to extinction

Effect of acquisition to extinction interval

Both groups receiving a shorter delay between acquisition and
extinction (0 h and 1 h) showed significantly more spontaneous
recovery than those receiving a longer delay between acquisition
and extinction (4 and 24 h) during the first 3 min of the 1-d test
(effect of extinction recency) (Fig. 2A). A main effect of extinction
recency (F(3,48) ¼ 2.94, P ¼ 0.048) followed by post hoc confirmed
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this as both the 24-h and 4-h groups froze less than either 1-h or
0-h groups (all P , 0.05). Importantly, mice were brought to sim-
ilar levels of performance by the end of the extinction session, as
revealed through short-term tests (Ext-Imm and 1-d Imm, all P .

0.1; Supplemental Fig. 1A). A follow-up experiment showed that
even a very remote (50 d) interval between acquisition and extinc-
tion produced more robust behavioral extinction compared to ex-
tinction immediately following acquisition (Supplemental Fig.
1B). This study shows that long delays between acquisition and
extinction, particularly those outside the hypothesized consolida-
tion window, attenuate spontaneous recovery more strongly than
do short acquisition–extinction intervals.

Sensitivity of immediate or delayed extinction to extinction duration

The robust attenuation of spontaneous recovery with a 24-h acqui-
sition–extinction delay extended to mice receiving strong extinc-
tion (24 min) but not weak extinction (3 min) 24 h following
acquisition (Fig. 2B). Prior to test, mice were brought to common
levels of performance by the end of the extinction sessions
(Supplemental Fig. 1C; all P’s . 0.1). A main effect of extinction re-
cency during the 3 min of Test 1 (F(1,32) ¼ 5.7, P ¼ 0.024) followed
by post hoc indicated that the mice receiving strong extinction
(24 min) at a 24-h delay froze significantly less than those receiv-
ing extinction immediately following acquisition (P ¼ 0.02).
This further replicated the basic finding that immediate extinction
produces more spontaneous recovery and revealed that mice
were insensitive to the duration of the extinction session when
extinction occurred immediately after acquisition or retrieval.

Experiment 2. Acquisition–extinction interval:

Vulnerability to spontaneous recovery
Testing following extinction revealed that immediate extinction
left behavior more vulnerable to spontaneous recovery even
when mice were brought to the same lev-
els of performance following extinction
and each test day (Fig. 3). A time × ex-
tinction recency interaction confirmed
that mice receiving immediate or 24-h
extinction were brought to the same lev-
els of performance at the end of extinc-
tion and each test (P . 0.1 in the final
time block of each session). A significant
effect of extinction recency during the
first 3 min of the first three tests indicates
that mice receiving extinction 24 h fol-
lowing acquisition froze significantly
less than those receiving immediate ex-
tinction (all t . 2, P , 0.04). Test 4 and
the test following the 14-d retention
interval (18 d) showed strong trends to-
ward less recovery in the 24-h extinction
group (P ¼ 0.09 and P ¼ 0.055, respec-

tively). The critical finding from this experiment is that the timing
of extinction relative to acquisition is a critical determinant of
subsequent spontaneous recovery as immediate extinction pro-
duced greater recovery even when mice received repeated extinc-
tion (test) sessions.

Experiment 3. Context processing in immediate extinction
Mice receiving extinction immediately following acquisition
showed decreased freezing relative to a group that received no ex-
tinction (No Ext) or extinction outside the conditioning/testing
context (Imm-B) when tested 1 d later in the same context they re-
ceived extinction (Imm-A) (Fig. 4). A main effect of extinction
treatment confirmed a difference between groups (F(2,57) ¼ 7.9,
P ¼ 0.001). Post hoc indicated that, indeed, the Imm-A group
froze less than the No Ext and Imm-B group (P , 0.001 and P ¼
0.035, respectively). This effect was not due to differences in base-
line levels of performance as mice undergoing nonreinforced con-
text exposure in Context A and Context B were brought to similar
levels of performance by the end of the extinction day (P . 0.1).
This study shows that the greater spontaneous recovery seen in
immediate extinction is not due to a failure to extinguish or pro-
cess the extinction context.

Experiment 4. Effect of post-retrieval delay on extinction

of fear expression and sensitivity to extinction

Effect of retrieval-to-extinction interval

A 24-h delay between fear memory retrieval and extinction pro-
duces more robust and persistent extinction (1- and 14-d test)
than do shorter delays (Fig. 5A). A significant main effect of ex-
tinction recency (F(3,28) ¼ 4.1, P ¼ 0.016) followed by post-hoc
analysis revealed that, indeed, the 24-h groups froze less than
the 0-h group on the 1-d test (P ¼ 0.003). When tested 14 d later,
a 24-h post-retrieval interval induced significantly less freezing
than a 0-h interval (P ¼ 0.044). Differences on test were not due
to differences in performance prior to testing as all groups showed
similar levels of freezing during both retrieval and the last block of
extinction (Supplemental Fig. 2A; all P . 0.1).

Sensitivity of immediate or delayed extinction to extinction duration

A long extinction session 24 h following retrieval produced more
robust extinction compared to a session soon after retrieval (Fig.
5B). Extinction recency had a significant effect on freezing during
the first test. This was driven by the 24-h 24-min group freezing
significantly less than groups receiving a 0-h post-extinction delay

Figure 1. General experimental design. Contextual fear extinction oc-
curred inside or outside of previously demonstrated post-acquisition or
post-retrieval periods of memory vulnerability. Behavior was tested and
c-Fos immunohistochemistry was examined following extinction.

Figure 2. Extinction immediately following acquisition impairs extinction and decreases sensitivity to
extinction strength. (A) Extinction at short post-acquisition delays caused less robust response loss than
did that at longer delays (24 h) when tested 1 d after extinction. (B) Mice receiving extinction immedi-
ately following acquisition were insensitive to extinction strength (3 or 24 min), whereas mice receiving
extinction at a 24-h delay showed more robust response loss in the presence of strong extinction. (∗)
P , 0.05.
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regardless of extinction duration (all P , 0.01) or the group receiv-
ing 3 min extinction at a 24-h interval (P ¼ 0.003). A similar effect
was seen at the 14-d test with a main effect of recency (F(3,28) ¼

3.9, P ¼ 0.02) and the 24-h 24-min extinction group freezing sig-
nificantly less than the 0-h 3-min group (P ¼ 0.03) and the 0-h
24-min group (P ¼ 0.05). Importantly, mice in immediate and de-
layed groups did not differ in performance during extinction re-
gardless of extinction duration (Supplemental Fig. 2B; all P’s P .

0.05). Like Experiments 1 and 2, these results indicate that a short
retrieval–extinction interval led to greater spontaneous recovery
and decreased sensitivity to extinction strength.

Immediate extinction deficit depends on memory retrieval

Attenuated spontaneous recovery was seen only at 1- and 14-d
tests if retrieval preceded delayed extinction (24 h), but not if re-
trieval was absent or if extinction occurred immediately following
retrieval (Fig. 5C). On both the 1- and 14-d tests, a main effect of
recency retrieval conditions (F(3,24) ¼ 3.8, P ¼ 0.038) followed by
post hoc revealed that extinction 24 h following retrieval resulted
in less freezing than any group that did not receive retrieval prior
to extinction (all P , 0.05) or the group that received extinction
immediately following retrieval (P , 0.03). A similar effect was
found at the 14-d test with the main effect of recency retrieval
conditions (F(3,22) ¼ 2.3, P ¼ 0.014) being driven by extinction
24 h following retrieval resulting in significantly less freezing
than the group receiving extinction in the absence of retrieval
(P ¼ 0.031). A baseline difference at the end of extinction
(Supplemental Fig. 2C; P , 0.02) may contribute to differences ob-
served during tests. However, the main effect of the interval be-
tween retrieval and extinction has been repeatedly replicated
without this baseline difference (Experiment 4) making it unlikely
that this difference significantly confounds the effects of this
experiment.

Experiment 5. Immunohistochemistry

mPFC

Immediate extinction following both acquisition and retrieval
strongly activates the prelimbic (PrL) cortex (Fig. 6; main effect
of extinction recency, F(1,27) ¼ 9.7, P ¼ 0.004). Mice receiving
fear conditioning in the absence of extinction did not display el-
evated PrL c-Fos, indicating that this effect was contingent on ex-
tinction delay rather than simply activation post-acquisition.

No consistent effect of extinction delay on c-Fos in the IL
cortex was seen. A significant interaction between extinction
recency × pre-extinction conditions (fear acquistion or retrieval)
(F(1,27) ¼ 6.9, P , 0.014) followed by post hoc revealed that the

only simple main effect was with the immediate acquisition group
showing greater c-Fos expression than the delayed acquisition
group (P ¼ 0.014).

Amygdala

Activation within amygdala subregions varied across immediate
and delayed extinction treatments, with some regions showing
greater activation following immediate extinction (e.g., BLA,
CeA) while others showed the opposite with patterns that depend-
ed on relative activation in related nuclei (e.g., ITC) (Fig. 7).

Basolateral amygdala

Within the BLA, an extinction recency × pre-extinction condi-
tions interaction (F(1,26) ¼ 5.28, P ¼ 0.03) with planned compari-
son follow-up indicates that immediate extinction induced
greater c-Fos than delayed extinction (24-h group; all P ≤ 0.05).
The interaction was driven by the immediate acquisition group
displaying greater activation than the immediate retrieval group
(P ¼ 0.03). The No Ext group differed only from the delayed
groups (all P’s , 0.01).

Central nucleus

Within the central lateral nucleus, a main effect of extinction re-
cency (F(1,27) ¼ 11.1, P ¼ 0.003) revealed that immediate extinc-
tion induced greater c-Fos expression than delayed extinction.
Interestingly, there was no difference between the No Ext group
and the delayed extinction groups, indicating that this effect
was not generally due to shock prior to c-Fos quantification. In
contrast, a main effect of recency (F(1,27) ¼ 8.1, P ¼ 0.01) and pre-
extinction conditions (F(1,27) ¼ 6.0, P ¼ 0.02) within the central
medial nucleus (CeM) indicates that while immediate extinction
produced greater c-Fos activation, so did being shocked prior to
extinction. The main effect of pre-extinction conditions (fear ac-
quisition or retrieval) was likely due to shock immediately prior to
extinction as the No Ext group also showed Fos levels above those
of the delayed group (P , 0.001).

Intercalated cells

Detailed analysis of the intercalated cells of the amygdala revealed
that the proportion of main nucleus (In) c-Fos+ neurons relative
to medial paracapsular (ImP) neurons was greater in mice receiv-
ing extinction 24 h following acquisition/retrieval than in mice
receiving immediate extinction (Fig. 7). This was confirmed by a
main effect of extinction recency (F(1,26) ¼ 40, P , 0.001) and no

Figure 3. Extinction immediately following acquisition leaves behavior
more vulnerable to spontaneous recovery than delayed extinction. Mice
were brought to similar levels of performance following extinction and
test. However, mice were more vulnerable to spontaneous recovery if ex-
tinction occurred immediately (0 h) rather than 1 d following acquisition.

Figure 4. Immediate extinction does not produce a failure to process
the extinction context. Mice receiving extinction immediately following
acquisition showed decreased freezing relative to a group that received
no extinction (No Ext) or extinction outside the conditioning/testing
context (Imm-B) when tested 1 d later in the same context they received
extinction (Imm-A).
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significant extinction recency × pre-extinction conditions inter-
action. Furthermore, the No Ext groups significantly differed
from both the immediate and delayed extinction groups (P ¼
0.024 and P , 0.001, respectively). When evaluating the subpop-
ulations alone, the consistent finding is that shock strongly acti-
vates both intercalated cell masses, with greater c-Fos expression
in the immediate acquisition and No Ext groups (all P , 0.05).

Combined with the behavioral data, the IHC suggests that
the activity of the In relative to ImP may serve to signal contingen-
cies that result in strong extinction.

Representative c-Fos immunohistochemistry images for each brain region

studied are presented in Supplemental Figure 3

Together these results indicate that hyperactivity in the PrL and
select amygdalar subregions (CeA and BA) may underlie a deficit
in extinction while the proportion of In to ImP active neurons sig-
nals contingencies associated with robust extinction.

Discussion

The critical finding from these studies was that under a variety of
conditions, an extinction sessionconducted soon after acquisition

or retrieval produced poor behavioral ex-
tinction, relative to longer delays. These
effects were replicated both within and
between experiments with consistent re-
sults across experiments. Importantly,
controlexperimentsshowedthatpoorex-
tinction produced by immediate extinc-
tion was not due to failures to learn
extinction contingencies and critically
depended on the interval between behav-
ioral manipulations under common test-
ing conditions. Immunohistochemistry
for the IEG c-Fos revealed that hyperactiv-
ity in theprelimbiccortexandthe relative
activity of In to ImP regions, and other
amygdala subregions, contribute to the
deficits in extinction after short delays.

Our behavioral results provide new
insight into a growing body of literature
on the effects of time before extinction
following acquisition or retrieval. These
findings are consistent with those in-
dicating that extinction shortly after fear
learning or fear cue exposure impairs
extinction and exacerbates spontaneous
recovery, renewal, and reinstatement
(Morris et al. 2005; Chan et al. 2010;
Costanzi et al. 2011; Ishii et al. 2012).
Other studies have found opposing re-
sults—that extinction soon after acqui-
sition (Myers et al. 2006) or retrieval
(Monfils et al. 2009) promotes the re-
tention of extinction (see Flavell et al.
2011). Some of these differences may be
attributed to differences in how behavior
is assessed (e.g., change in behavior from
extinction to test as in Monfils et al.
[2009] or common test performance as
in Chan et al. [2010]), when behavior
is assessed (Johnson et al. 2010), the
type of preparation used (e.g., fear-poten-
tiated startle in Myers et al. [2006] or
cued fear conditioning in Maren and

Chang [2006]), species used, or the particular intervals used in
the different experiments.

However, it is important to note that even when species
and experimental paradigms are closely matched, there is still
discordance between results (e.g., Monfils et al. 2009; Chan
et al. 2010). Further, some studies have shown similar effects to
those of Monfils et al. (2009) using contextual fear preparations
in mice (Rao-Ruiz et al. 2011) while others show findings like
ours in contextual paradigms (Ishii et al. 2012). Although im-
portant to study, it is unlikely that the discrepant findings in
the literature are simply due to procedural differences, such as
the type of fear conditioning (cued or contextual), the post-
session delay (immediate or 10 min), or differences in species.
Our effects were quite similar regardless of whether we were ex-
amining extinction after initial conditioning or retrieval. This
suggests that similar mechanisms operate, although the effec-
tiveness of the 4-h window in producing extinction in the acqui-
sition experiment, but not in the retrieval experiment suggests a
potentially interesting temporal dissociation that is worth further
exploration.

Our immunohistochemistry results suggest that immediate
extinction – whether it followed conditioningor retrieval – induc-
es high c-Fos expression within the PrL and certain amygdala

Figure 5. A short retrieval to extinction interval produces lasting impairments in extinction and de-
creases sensitivity to extinction strength. (A) Extinction 0-h post-retrieval caused less robust response
loss than did longer delays (24 h) when tested 1 and 14 d after extinction. (B) Mice receiving extinction
immediately following acquisition were insensitive to extinction strength (3 or 24 min), whereas mice
receiving extinction at a 24-h delay showed more robust response loss in the presence of strong extinc-
tion. (∗) P , 0.05. (C) Attenuated spontaneous recovery was only seen at 1- and 14-d tests if retrieval
preceded delayed extinction (24 h), but not if retrieval was absent or if extinction occurred immediately
following retrieval. (∗) 0 hr vs. 24 hr, P , 0.05.
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subregions (CeA and BLA), suggesting that hyperactivity in these
brain regions is associated with poor extinction retention (Xue
et al. 2012, but see Kim et al. 2010). In contrast, delayed extinc-
tion—whether it followed conditioning or retrieval—increased
the proportion of main nucleus (In) c-Fos+ neurons relative to me-
dial paracapsular (ImP) neurons. This finding is consistent with
studies indicating that activation of these
two neuronal populations competes dur-
ing learning, with the paracapsular clus-
ter (ImP) more active during both
acquisition and extinction and the main
nucleus (In) activated preferentially dur-
ing fear extinction (Whittle et al. 2010;
Busti et al. 2011; Manko et al. 2011).

These ITC data fit well with our
other amygdala data and recent amygda-
la connectivity studies (for reviews, see
Palomares-Castillo et al. 2012; Pare and
Duvarci 2012). For example, it has been
postulated that the dorsal ImP group
drives fear expression states by function-
ally disinhibiting the CeM via inhibition
of CeL “off” neurons while inhibiting the
In. Conversely, when not under inhibito-
ry influence from the ImP, the In is
thought to drive extinction via direct in-
hibition of the CeM. Therefore, when
there is more ImP activation relative to
the In, the CeM should be more active.
In contrast, more relative In activation
should result in less CeM activity. This
is the pattern seen in our data, with
the relatively greater ImP/greater CeM
activation in the group showing the
greatest fear (immediate extinction, No
Ext) while relatively greater In/less CeM
activity was associated with stronger ex-
tinction (delayed extinction). Combined
with the hyperactivity seen in the PL
and BA when extinction was poor (i.e.,

immediate), this suggests a complex network that extends from
distinct mPFC populations to these very specific amygdala popu-
lations in mitigating the effect of extinction recency. However,
more work is needed to determine the specificity of these micro-
circuits as the cell-type (PKCd+/2; glutamate/GABAergic recep-
tor subtypes) and the precise afferents/efferents of these
amygdala subregions are critically important in regulating fear ex-
pression and extinction (Ciocchi et al. 2010; Haubensak et al.
2010; Dobi et al. 2013).

The critical theoretical implication of our findings is that ex-
tinction during periods when the original fearful memory has
been shown to be most vulnerable to pharmacological disruption
does not erase or prevent a memory from forming. One would
therefore need an account with mechanisms that prevent a labile
memory from being updated with the new information that oc-
curs during the extinction trial. Some studies suggest that even
minimally invasive procedures during periods of memory consol-
idation can strengthen the fear response (Hui et al. 2006), as can
other behavioral and pharmacological enhancements of the stress
response (McGaugh 2006; McGaugh and Roozendaal 2009). Thus,
the simple experience of being returned to a fearful context while
the organism is in an aroused state may prevent extinction. This
is supported by a large body of evidence showing that activating
the adrenergic system during memory formation augments amyg-
dala responsivity, leading to more robust emotional memory for-
mation and expression. In fact, this increased amygdala (e.g.,
CeA/BLA) reactivity is often associated with heightened dorsal
prefrontal activity, a finding consistent with our immunohisto-
chemistry data (McIntyre et al. 2012). Our data also demonstrate
that expression of fear may be disrupted soon after conditioning,
but that short-term extinction (both within-session extinc-
tion and short-term memory tests) is not necessarily impaired,

Figure 6. Differential activation of mPFC is associated with the immedi-
ate extinction deficit. Immediate extinction (0 h) induced strong c-Fos ex-
pression in the prelimbic (PrL) cortex compared to delayed extinction
(24 h). Activation within the infralimbic (IL) cortex showed variations in
sensitivity to extinction recency. Lines between bars denote P , 0.05.
(∗) Acquisition delay , acquisition immediate, P , 0.05.

Figure 7. Differential activation of amygdala is associated with the immediate extinction deficit.
A 24-h delay between acquisition or retrieval and extinction induced less c-Fos expression in the
central (CeL/CeM) and basolateral amygdala (BLA) than did immediate or no extinction. In contrast,
delayed extinction induced strong In:ImP activation, the immediate extinction group showed neutral
In:ImP activation, and the no extinction group showed an inverse In:ImP ratio. Lines between bars
denote P , 0.05. (∗) Acquisition delay , acquisition immediate, P , 0.05.
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which is consistent with an effect on consolidation of long-term
extinction.

Along the same lines, other accounts suggest that memories
in different states of activity will prevent new learning from occur-
ring during extinction. For example, according to sometimes-op-
ponent process (SOP) theory, more of the contextual memory will
be in a secondary state of activity during extinction soon after ac-
quisition or retrieval. This will result in less of that contextual rep-
resentation being retrieved to a primary state of activity during
extinction and consequently impair the development of inhibito-
ry learning (see Brandon et al. 2003; Morris et al. 2005). Similar ac-
counts would predict that effects of extinction recency may also
be attributable to proactive interference where the first active
memory trace (i.e., new fear acquisition or fear retrieval) proac-
tively interferes with the second learning event (i.e., extinction)
(Gleitman and Jung 1963).

An account that brings together aspects of each of the afore-
mentioned theories is one alluded to by Chan et al. (2010). This
account suggests that animals are sensitive to the differences be-
tween the fearful or acquisition state and the extinction state
(Capaldi 1966; Redish et al. 2007). In the context of these experi-
ments, when extinction closely follows acquisition or retrieval
(which strongly engages the original fearful CS–US memory),
the subjects have trouble distinguishing between whether the
nonreinforced context/CS exposure during extinction still pre-
dicts the original fear contingency. This creates an ambiguous
state where the mice are forced to maintain the original fear mem-
ory as the most salient association. Therefore, when tested on sub-
sequent days the mice retrieve the original fear memory and
express fear at the cost of extinction because of the ambiguity of
the immediate extinction contingency (fear memory most sa-
lient). This means that, despite subsequent extinction on test
days, they continue to retrieve the fear state on future tests (result-
ing in spontaneous recovery) as the context and/or cues best pre-
dict the fear contingencies. This is akin to other theories that
make explicit predictions about behavior when animals may not
detect extinction contingencies (Capaldi 1966).

The ITC data support these theoretical mechanisms as their
relative activation represented whether the context was a good,
poor, or ambiguous predictor of shock. In the delayed groups, a
test ambiguity model suggests that the long delay between acqui-
sition or retrieval and extinction makes the extinction context no
longer a good predictor of shock because there is strong temporal
discrimination between the fearful state engaged by the acquisi-
tion/retrieval context and the nonreinforced extinction context.
Indeed, the delayed group showed the strongest extinction and
the most In:ImP activation. This suggests that when extinction
contingencies are in effect, the In cluster (selectively associated
with extinction contingencies) is strongly active relative to the
more ambiguous ImP cluster. When the contingencies are ambig-
uous, such as in the immediate extinction groups, the fearful
acquisition and retrieval states cannot be temporally discriminat-
ed from the extinction state (i.e., the proportion of In:ImP active
neurons is 1:1), suggesting a more ambiguous activity state lead-
ing to default fear expression. However, when the context is a
good predictor of shock (i.e., no extinction condition), a signifi-
cantly lower In:ImP ratio is seen. Together, these data suggest
that a high ratio of In:ImP neurons is indicative of contingencies
associated with strong extinction retention, a neutral In:Imp ratio
is indicative of ambiguous contingencies, and a high Imp:In ratio
indicates that the context is a reliable predictor of shock. This fits
well with our other amygdala data (CeL, CeM, BLA) and mPFC
data (discussed above) as well as with recent physiological ac-
counts suggesting that very specific neuronal groups are involved
in predictive fear learning and expression (Palomares-Castillo
et al. 2012; Pare and Duvarci 2012).

There is great promise for therapeutic strategies that place
extinction-related therapy at the optimal temporal window fol-
lowing psychological trauma or trauma retrieval. However, the
extension of our findings and findings like these to the clinic is
premature. Although some studies in humans suggest that im-
mediate behavioral intervention (e.g., extinction) may dampen
fear and drug-seeking behavior (Schiller et al. 2008; Xue et al.
2012), there are human studies that indicate that this approach
may have little effect or even enhance memory expression
(Karpicke and Roediger 2008; Soeter and Kindt 2011; Wichert
et al. 2011; Potts and Shanks 2012; Kindt and Soeter 2013).
Particularly problematic for clinical applications are rodent and
preclinical studies like ours suggesting that across a variety of con-
ditions an immediate extinction experience may actually prevent
the elimination or weakening of the fear response and promote its
persistent expression (Morris et al. 2005; Chan et al. 2010; Kim
et al. 2010). The idea that memories can be rewritten or erased
by extinction is exciting from a theoretical and clinical stand-
point, but the literature is mixed and suggests that the effects of
extinction recency are better explained by associative and non-
associative learning accounts. Moreover, approaches that im-
prove inhibitory learning may be beneficial to patients as they
leave their memories and experiences intact while giving them
the ability to learn from and cope with these powerful life events
(Glannon 2006; Henry et al. 2007). Thus, advancing these basic
findings into the clinic requires more work to determine the con-
ditions and neural circuits that strengthen the learning that oc-
curs during extinction without necessarily appealing to erasure
mechanisms.

Materials and Methods

Subjects
A total of 282 male 8- to 12-wk-old C57Bl/6J mice obtained from
Jackson Laboratory or bred from mice originally obtained from
Jackson were used in all experiments. Mice were maintained on
a 12-h light/dark cycle with ad libitum access to food and water.
Housing and experimental conditions were in accordance with
OHSU IACUC and NIH “Principles of Laboratory Animal Care.”

Apparatus
The context (Context A) consisted of a sound attenuated chamber
illuminated with a house light. The chamber contained a circular
Plexiglas arena placed on a grid floor through which a 2-s 0.35-mA
scrambled shock was delivered by a shock generator. Context A
was cleaned with water prior to each session and had a fan run-
ning throughout the experiments to provide background noise.
Context B (only used in Experiment 3) was an 18 cm × 18 cm
square Plexiglas chamber placed on a grid floor. Context B was
kept dark and quiet (no fan), and was washed with 0.3% acetic
acid. An infrared activity monitor fixed to the top of each chamber
recorded freezing (Coulbourn Instruments). All chambers were
housed in sound- and light-attenuating shells.

General procedure
Mice were handled for 30 sec per day for 3 d prior to all experi-
mental procedures. On acquisition day, mice were placed in the
conditioning chamber and received four 2-sec 0.35-mA shocks
spaced at pseudo random 3-min intervals (except in Experiment
2). Animals were removed 30 sec after the final shock for a total
of 12 min of context exposure. Experimental timelines were stag-
gered to ensure that, within each experiment, all groups were test-
ed on the same days under common testing conditions. Each
experiment was conducted in at least two replications of n ¼ 4–
8 per group/replication.
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Experiment 1. Effect of post-acquisition delay on extinction

of fear expression and sensitivity to extinction

Effect of acquisition to extinction interval

Mice received extinction (12-min context exposure) either imme-
diately (0 h, n ¼ 16), 1 h (n ¼ 8), 4 h (n ¼ 8), or 24 h following
acquisition (n ¼ 16). Previous research has found that pharmaco-
logical manipulations can affect memory consolidation at one or
more of these intervals (Bourtchouladze et al. 1998; Monfils et al.
2009; Stafford and Lattal 2009). Each group was returned to their
home cage and transported into a small procedure room between
acquisition and extinction (mice in the 0-h group were in their
home cages for �30–60 sec, enough time to clean the chambers
and reset the computer program). The first test (12-min context
exposure) was conducted immediately after extinction (Ext-
Imm) and the next test was conducted 1 d later. Immediately fol-
lowing the 1-d test, mice were again tested for 12 min (1-d-Imm).
To examine the effect of sensitivity of extinction strength, mice
received either 3-min or 24-min extinction 0 h (immediate) or
24 h (delayed) following acquisition (n ¼ 8/group). Testing oc-
curred 1 d later.

Experiment 2. Acquisition–extinction interval:

Vulnerability to spontaneous recovery
During acquisition, mice received a 3-min exposure to the context
with a single 2-sec 0.35-mA shock at 2.5 min. Subjects were re-
moved and received 24-min extinction immediately (Imm) or
24 h (1 d) following acquisition (n ¼ 16/group). Mice were tested
on four subsequent days following extinction (12-min context ex-
posures). A retention test was conducted 14 d later.

Experiment 3. Context processing in immediate

extinction
Following acquisition, mice received immediate extinction (24-
min context exposure) in Context A (Imm-A, n ¼ 21), a second
group received immediate extinction (24-min context exposure)
in Context B (Imm-B, n ¼ 23), and a third group was handled
while the others received extinction (No Ext, n ¼ 16). All groups
were tested 1 d later in Context A and Context B with a 4-h inter-
val separating these tests (counterbalanced exposure order).

Experiment 4. Effect of post-retrieval delay on extinction

of fear expression and sensitivity to extinction

Effect of retrieval-to-extinction interval

All subjects received memory retrieval (3-min context exposure)
1 d following acquisition. Previous studies from our lab indicate
that this retrieval duration followed by a protein synthesis inhib-
itor causes impairments in performance (Stafford and Lattal
2009). Following retrieval, mice were removed from the cham-
bers, placed back into their home cage, and brought into an ad-
joining procedure room. They then received extinction (12-min
context exposure) either immediately (0 h), 1 h, 4 h, or 24 h fol-
lowing retrieval (n ¼ 8/group). Testing (12-min context exposure)
occurred 1 d and 14 d following extinction. To examine sensitiv-
ity to extinction session duration, mice received either 3-min or
24-min extinction immediately (0 h) or 24 h following retrieval
(n ¼ 8/group) and were tested at 1 and 14 d following extinction.
To examine the role of retrieval, one group of mice received re-
trieval immediately followed by 24-min extinction (0 h), a second
group received 24-min extinction in the absence of retrieval (0-h
No Ret), a third group received retrieval followed 24 h later by
24-min extinction (24 h), and a fourth group received 24-min ex-
tinction 24 h following the retrieval day in the absence of retrieval
(0-h No Ret, all n ¼ 7). Testing (12-min context exposure) oc-
curred 1 d and 14 d following extinction.

Experiment 5. Immunohistochemistry
Behavioral procedures were similar to those of Experiments 2 and
4. Briefly, mice were separated into groups that received 24-min
extinction either immediately or 24 h following fear acquisition
or retrieval (n ¼ 8/group). On the same day that these groups re-
ceived extinction a separate group underwent acquisition with
no extinction immediately (n ¼ 8) to control for the presence of
shock prior to sacrifice. Immunohistochemistry (IHC) for the im-
mediate early gene c-Fos in select brain regions was examined in
each group. Briefly, mice were sacrificed 30 min following extinc-
tion with brains subsequently fixed in formaldehyde and cryopro-
tected in sucrose. The No Ext group was sacrificed 1 h and 24 min
following acquisition to equate the interval between behavior and
sacrifice in the other groups. After sectioning 30-mm slices on a
cryostat, IHC was performed on representative slices standardized
to the same bregma level across brain regions (Bachtell et al. 1999;
Stafford et al. 2012). Briefly, 0.3% hydrogen peroxide was used to
inhibit endogenous peroxide activity with blocking performed
in 3% goat serum. Slices were later incubated with antibody recog-
nizing c-Fos (1:2000 dilution, Santa Cruz Biotechnology). The
Vecstatin ABC kit (Vector Laboratory) and metal enhanced DAB
kit (Pierce) was used for immunoreaction detection. Three slices
per brain region were analyzed in all experiments with data (cell
counts, see below) averaged per animal across slices.

Distinction of ITC subpopulations

We distinguished c-Fos+ neurons in the main nucleus (In) and the
medial paracapsular (ImP) using methods identical to those used
by Busti et al. (2011) to evaluate Zif268 expression in these nuclei
as well as in other studies of ITC populations (Hefner et al. 2008).
Briefly, these nuclei were distinguished from other amygdalar nu-
clei as their activation patterns cluster together and the back-
ground staining produced by our IHC technique allows for
distinction from other nuclei (Supplemental Fig. 3).

In/ImP proportion analysis

We calculated the proportion of c-Fos+ In neurons to ImP neurons
because: (1) Shock prior to c-Fos quantification led to significant
activation of each of the individual ITC populations and obscured
the main effect of extinction recency on these populations (to
overcome the activation that masked these effects, we calculated
a proportion score which normalized these substantially elevated
activation patterns), and (2) reciprocal connections between the
Imp and In clusters functionally inhibit one another. Indeed, it
is the relative output of these nuclei that influences excitability
within the CeL and CeM, ultimately impacting fear expression
(i.e., ImP active during fear states and In active exclusively during
low fear/extinction). Current theoretical accounts require that
the relative effects of these distinct ITC masses are considered
when evaluating their functional output. We therefore calculated
the proportion of active In to ImP neurons to account for
their combined role in mitigating the effect of extinction recency
in a way consistent with current amygdala functional findings
(Whittle et al. 2010; Busti et al. 2011; Manko et al. 2011; Pal-
omares-Castillo et al. 2012; Pare and Duvarci 2012).

Data analysis
Fear was evaluated by measuring freezing behavior (absence of
movement ≥3 sec) using the infrared activity monitors. Freezing
was analyzed in 3-min blocks in all sessions. In all experiments
there was no difference between groups during acquisition (all
P . 0.1). Due to rapid within-session extinction during the test
sessions, data during the first 3-min were analyzed for differences
between groups (Lattal and Abel 2004; Stafford et al. 2012).
Quantification of c-Fos was performed by counting c-Fos positive
nuclei in each brain region by an experimenter blinded to exper-
imental conditions. Group differences were analyzed with analy-
sis of variance (ANOVA). Simple planned post-hoc comparisons
were tested using a Fisher’s LSD. For all statistical tests the a was
set ≤0.05.
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