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Extinction learning underlies the treatment for a variety of anxiety disorders. Most of what is known
about the neurobiology of extinction is based on standard ‘‘delay’’ fear conditioning, in which awareness
is not required for learning. Little is known about how complex, explicit associations extinguish, however.
‘‘Trace’’ conditioning is considered to be a rodent model of explicit fear because it relies on both the cor-
tex and hippocampus and requires explicit contingency awareness in humans. Here, we explore the neu-
ral circuit supporting trace fear extinction in order to better understand how complex memories
extinguish. We first show that the amygdala is selectively involved in delay fear extinction; blocking
intra-amygdala glutamate receptors disrupted delay, but not trace extinction. Further, ERK phosphoryla-
tion was increased in the amygdala after delay, but not trace extinction. We then identify the retrosple-
nial cortex (RSC) as a key structure supporting trace extinction. ERK phosphorylation was selectively
increased in the RSC following trace extinction and blocking intra-RSC NMDA receptors impaired trace,
but not delay extinction. These findings indicate that delay and trace extinction require different neural
circuits; delay extinction requires plasticity in the amygdala whereas trace extinction requires the RSC.
Anxiety disorders linked to explicit memory may therefore depend on cortical processes that have not
been traditionally targeted by extinction studies based on delay fear.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The ability to accurately predict and respond to danger signals is
critical for an animal’s survival. Failure to react in the face of a cue
that signals danger can result in harm or death. Conversely, it is also
maladaptive for an animal to respond in a disproportionate manner
to a nonthreatening cue. In humans, excessive responding to situa-
tions and cues that are poor predictors of danger may contribute to
anxiety disorders (Davis, 2002; Rothbaum & Davis, 2003).

Anxiety disorders are often treated clinically through behavioral
extinction in which the individual is exposed to the threatening
stimulus in the absence of an aversive outcome (Barad, 2005;
Foa, 2000; Rothbaum & Schwartz, 2002; Wolpe, 1969). Affective
reactions to the stimulus are gradually reduced as the person
learns that the cue does not predict danger. These exposure-based
therapies can be modeled in rodents through fear conditioning and
extinction training as a way to understand the neural mechanisms
underlying anxiety reduction (Davis, 2002; Milad & Quirk, 2012).

To date, most of the research on the neural mechanisms of
extinction learning comes from rodent studies that use delay fear
conditioning to model anxiety (for review, see Milad & Quirk,
2012). In delay fear conditioning, an initially neutral conditional
stimulus (CS), such as a white noise or tone, is presented contigu-
ously with a naturally aversive unconditional stimulus (UCS), such
as a foot shock. Delay fear can be acquired very rapidly and, in hu-
mans, can be learned and expressed without awareness of the
stimulus relationship (Clark & Squire, 1998; Knight, Nguyen, &
Bandettini, 2006) making it a good model for basic, implicit fear
memories. Delay fear extinction requires three critical brain struc-
tures: the infralimbic medial prefrontal cortex (IL), the hippocam-
pus, and the amygdala (Sierra-Mercado, Padilla-Coreano, & Quirk,
2011). The hippocampus’ role in extinguishing fear to a discrete
auditory CS is largely restricted to controlling the context specific-
ity of extinction (Corcoran, Desmond, Frey, & Maren, 2005; Hobin,
Ji, & Maren, 2006) although more recent evidence points to a cen-
tral role of the hippocampus in extinction when the most salient
predictor of shock is the training context (Fischer et al., 2007;
Huh et al., 2009; Radulovic & Tronson, 2010; Schimanski, Wahl-
sten, & Nguyen, 2002; Tronson et al., 2009; Vianna, Szapiro,
McGaugh, Medina, & Izquierdo, 2001). In contrast to the hippocam-
pus, both the IL and amygdala undergo plastic changes during the
extinction of an auditory CS previously used in delay fear condi-
tioning. This plasticity in IL and amygdala regions is believed to
support the formation of a new extinction memory (Herry et al.,
2010; Quirk & Mueller, 2008). Blocking neural activity or general
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plasticity in the IL (Burgos-Robles, Vidal-Gonzalez, Santini, & Quirk,
2007; Sierra-Mercado et al., 2011) or amygdala (Sierra-Mercado
et al., 2011; Sotres-Bayon, Bush, & LeDoux, 2007) is sufficient to
disrupt the formation of extinction memory, usually tested the fol-
lowing day.

While the neural mechanisms supporting delay fear extinction
have received substantial recent attention, far less is understood
about the extinction of more complex associations that may better
relate to explicit memory in humans. This is important because
anxiety disorders can involve both implicit and explicit associa-
tions (Brewin, 2001; Rothbaum & Davis, 2003). One way to inves-
tigate the neural basis of explicit memory extinction is to use trace
fear conditioning. In trace fear conditioning, the CS and UCS are
separated by an empty period of time, called the trace interval.
Temporal separation of the two cues makes the association slightly
more difficult to learn but significantly alters the circuitry and
attentional mechanisms required for acquisition. Whereas delay
fear can be acquired without awareness and relies largely on sub-
cortical structures (particularly the amygdala), trace fear condi-
tioning requires awareness of the CS–UCS contingency and relies
on hippocampal and cortical participation for acquisition (Gilmar-
tin & Helmstetter, 2010; Gilmartin, Kwapis, & Helmstetter, 2012;
Han et al., 2003; Knight et al., 2006; Quinn, Oommen, Morrison,
& Fanselow, 2002) in addition to the amygdala (Gilmartin et al.,
2012; Kwapis, Jarome, Schiff, & Helmstetter, 2011). Trace condi-
tioning shares a number of important characteristics with human
declarative memory. First, as with explicit memory in humans,
trace fear conditioning involves learning a relatively complex rela-
tionship between multiple stimuli. Second, explicit awareness of
the CS–UCS contingency is necessary for human participants to
learn trace fear (Knight et al., 2006; Weike, Schupp, & Hamm,
2007). Finally, trace fear conditioning involves structures known
to participate in declarative memory, including the hippocampus
and cortex (Gilmartin & Helmstetter, 2010; Gilmartin et al.,
2012; Han et al., 2003; Quinn et al., 2002; Squire, 1992). Trace fear
conditioning is therefore a particularly good paradigm for model-
ing explicit fear memory in rodents.

Despite the clear value of trace fear conditioning as a model of
fear memory, few studies have investigated extinction after this
training procedure (Abumaria et al., 2011; Kaczorowski, Davis, &
Moyer, 2012). To date, no study has systematically investigated
how the circuitry supporting trace extinction differs from the
established circuit that supports delay fear extinction. Delay and
trace conditioning rely on different structures for acquisition, how-
ever, so it is feasible that the circuits required for extinction are
also distinct. Structures such as the PL, which is required for trace
fear acquisition (Gilmartin & Helmstetter, 2010), and the retrosple-
nial cortex (RSC), which is involved in contextual and relational
associations (Aggleton, 2010; Cooper, Manka, & Mizumori, 2001;
Corcoran et al., 2011; Haijima & Ichitani, 2008; Katche, Dorman,
Gonzalez, et al., 2013; Katche, Dorman, Slipczuk, Cammarota, &
Medina, 2013; Keene & Bucci, 2008a, 2008b; Robinson, Keene, Iac-
carino, Duan, & Bucci, 2011), for instance, may supplement or take
over the roles of the amygdala, IL, and hippocampus in the extinc-
tion of trace fear. The RSC is particularly suitable for supporting ex-
plicit associations, as it plays a well-documented role in supporting
autobiographical, relational, and spatial memory in humans (Mad-
dock, 1999; Maguire, 2001; Rosenbaum, Ziegler, Winocur, Grady, &
Moscovitch, 2004; Steinvorth, Corkin, & Halgren, 2006; Svoboda,
McKinnon, & Levine, 2006). Whether the RSC plays a role in trace
extinction, however, is unknown. Characterizing the neural circuit
that underlies trace fear extinction is an important step towards a
comprehensive understanding of anxiety reduction in humans.

Here, we tested whether the circuitry supporting trace fear
extinction is the same or different from that of delay extinction.
First, we tested whether the amygdala is necessary for trace extinc-
tion, as it is with delay. We then measured the phosphorylation of
extracellular regulated kinase (pERK) in a number of candidate
brain structures in order to identify regions that undergo extinc-
tion-related plasticity following trace fear extinction. One region
of interest, the retrosplenial cortex, showed elevated pERK follow-
ing trace, but not delay extinction, suggesting that this region is
selectively involved in the extinction of trace fear. In our final
study, we directly tested whether the RSC is required for trace,
but not delay fear extinction. Together, our results demonstrate
that trace fear extinction relies on a different neural circuit than
delay extinction.
2. Materials and methods

2.1. Subjects

Subjects were 238 male Long-Evans rats obtained from Harlan
(Madison, WI) weighing approximately 350 g. Rats were housed
individually and allowed free access to water and rat chow. The
colony room was maintained under a 14:10 h light/dark cycle
and all behavioral tests were conducted during the light portion
of this cycle. All animals were handled for 3 days before surgery
and 3 days before training. For the western blot study, all animals
were handled for 6 days: 3 days of standard handling in the animal
room followed by 3 days of transport to another room in the lab (in
order to acclimate animals to the transportation cart) followed by
handling in that room. All procedures were approved by the uni-
versity Animal Care and Use Committee and were in compliance
with the National Institutes of Health guidelines.

2.2. Surgery

Animals were implanted with bilateral cannulae aimed at either
the basolateral nucleus of the amygdala (BLA) or the anterior retro-
spenial cortex (RSC) (Kwapis, Jarome, Lonergan, & Helmstetter,
2009; Paxinos & Watson, 2007). Before surgery, each rat was anes-
thetized with 2–4% isoflurane in oxygen and implanted with bilat-
eral stainless steel 26-guage cannulae aimed at the basolateral
nucleus of the amygdala (BLA) or dual 26-guage cannulae (1 mm
center-to-center) aimed at the anterior retrosplenial cortex (RSC).
BLA coordinates were 3.0 mm posterior, ±5.0 mm lateral, 7.2 mm
ventral relative to bregma. RSC coordinates were 3.5 mm posterior,
±0.5 mm lateral, 1.8 mm ventral relative to bregma (Paxinos &
Watson, 2007). Cannulae were secured to the skull with stainless
steel screws, superglue, and dental cement. Following surgery,
the incision site was swabbed with a lidocaine and prilocaine solu-
tion (2.5%/2.5%) to minimize discomfort during the recovery peri-
od. Stainless steel obdurators remained in the cannulae when
rats were not being injected to prevent occlusion. Rats were given
a recovery period of at least 7 d before behavioral testing.

Following recovery from surgery, all animals were transported
and handled for 3 days before behavioral testing began. During this
handling period, animals were gently restrained with a towel while
the infusion pump was activated in order to allow the animals to
habituate to its noise. The obdurators were removed from the can-
nulae during this handling session and the surgical site was
cleaned with a cotton swab.

2.3. Apparatus

Fear conditioning was conducted in a set of four identical cham-
bers (Context A). The floor of Context A was composed of stainless
steel rods through which footshocks were delivered. Each chamber
was illuminated by an overhead 7.5-W bulb and was connected to
its own shock generator-scrambler (Grason-Stadler, West Concord,
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MA). Ventilation fans provided constant background noise
(�60 dB). Chamber A was cleaned with a solution of 5% ammonium
hydroxide between animals.

A second set of chambers (Context B) was used to conduct
extinction to the auditory CS. Context B had a number of distinct
features, including infrared illumination, a solid and opaque tex-
tured floor panel, and a different cleaning solution (5% acetic acid).
All tests were conducted in Context B.

2.4. Infusions

Infusions of CNQX, APV, or vehicle were given approximately
5 min before extinction training. CNQX (Sigma–Aldrich, St. Louis,
Missouri) was dissolved in DMSO to a final concentration of
10 lg/ll. D-APV (Sigma–Aldrich) was diluted in ACSF to a final
concentration of 10 lg/ll. The doses used for CNQX and APV were
chosen based on their effectiveness in past studies in our lab (Gil-
martin & Helmstetter, 2010; Parsons, Gafford, & Helmstetter, 2010)
and others (Falls, Miserendino, & Davis, 1992; Maren, Aharonov,
Stote, & Fanselow, 1996; Matus-Amat, Higgins, Sprunger, Wright-
Hardesty, & Rudy, 2007; Milton, Lee, Butler, Gardner, & Everitt,
2008). We specifically chose the D-APV isomer for this study be-
cause it is less likely to interfere with freezing expression than
the mixed DL-APV isomer but is still effective in disrupting
NMDAR-dependent plasticity in the amygdala (Matus-Amat
et al., 2007). In both the BLA and RSC, a volume of 0.5 ll/side
was infused over 60 s (Kwapis, Jarome, Gilmartin, & Helmstetter,
2012). Injectors remained in place for an additional 90 s after infu-
sion to allow for diffusion.

2.5. Fear conditioning and extinction

Fear conditioning was conducted in Context A while fear extinc-
tion and extinction retention tests were conducted in a novel envi-
ronment, Context B. All animals were trained on day 1 with
strength-matched delay or trace fear conditioning. Previous work
from our lab (Kwapis et al., 2011) has shown that 4 trials of delay
conditioning with a variable intertrial interval (ITI) of 110 ± 20 s
produces approximately the same level of freezing as 6 trials of
trace fear conditioning with a longer ITI of 240 ± 20 s. For both de-
lay and trace, the CS was a 10 s white noise cue (72 dB) and the UCS
was a 1 s footshock (1 mA). For delay fear conditioning, the UCS
was presented at the moment of CS offset. For trace fear condition-
ing, the CS and UCS were separated by an empty 20 s trace interval.
Both training types had a 6-min baseline and a 4-min postshock
period. On day 2, rats were injected with the appropriate drug into
the BLA or RSC 5 min before extinction training in Context B.
Extinction training consisted of 40 presentations of the white noise
CS (30 s; 72 dB; 60 s ITI) in the absence of footshock. While the pri-
mary purpose of the day 2 extinction session was to extinguish the
animals’ CS freezing, it also allowed us to test the animals’ ability
to retrieve and express fear to the CS in the presence of the drug.
To this end, an average of the first 8 or 12 extinction trials on
day 2 was analyzed to test whether the drug infusion impaired
memory retrieval or expression. On day 3, the rats were tested
with 8 CS presentations (30 s; 72 dB; 60 s ITI) in Context B. The
extinction and test parameters were chosen based on their effec-
tiveness in previous studies (e.g. Parsons et al., 2010). Further, pilot
research testing these parameters has confirmed that rats success-
fully extinguish fear to the CS even when the extinction and test
sessions use a longer CS presentation than the CS used during
training (data not shown).

For Experiment 3, training was conducted on day 1 as described
above. On day 2, animals were left in their homecages (HC), given a
4-trial retrieval session (4T) with 4 unreinforced CS presentations
(30 s, 72 dB, 60 s ITI), or given the full 40-trial extinction session
described above (EXT). Animals were either tested the following
day (as described above) or were sacrificed 30 min after the end
of the session and tissue was processed for western blots or immu-
nofluorescence as described below. We consider the 4T session to
be ‘‘retrieval’’ and the 40-trial session to be ‘‘extinction’’ based on
behavioral evidence obtained in this study (see Fig. S4) and other
studies (Parsons et al., 2010) showing that these protocols produce
appropriate behavior consistent with either retrieval or extinction
learning. Specifically, in this preparation, 4 CS presentations do not
produce reduced CS freezing whereas 40 trials are sufficient to
cause reduced freezing characteristic of extinction.

2.6. Histology

To confirm cannulae placements, histology was performed as
described previously (Kwapis et al., 2011, 2012). Briefly, following
behavioral testing, animals were killed with an overdose of isoflu-
rane and transcardially perfused with saline followed by 10% buf-
fered formalin. Heads were submerged in buffered formalin for at
least 24 h before the brains were removed and soaked in 30% su-
crose formalin for cryoprotection. Frozen 40 lm sections from
the BLA (Experiments 1 and 2) or RSC (Experiment 4) were
mounted on slides, stained with cresyl violet, and the cannulae
placements were confirmed with the help of a rat brain atlas (Pax-
inos & Watson, 2007). Animals with injection sites outside the
appropriate structure were excluded from the analyses.

2.7. Western blotting

Following overdose with isoflurane, rats were decapitated and
brains were immediately frozen (�80 �C). Western blots were then
conducted as previously described (Jarome, Werner, Kwapis, &
Helmstetter, 2011). Brains were dissected by blocking the brain
in a rat brain matrix (Harvard Apparatus, Holliston, MA) and the
amygdala, dorsal hippocampus, prelimbic medial prefrontal cortex,
infralimbic medial prefrontal cortex, and anterior retrosplenial cor-
tex were removed. For the prelimbic and infralimbic cortices, a
coronal cut was made at the anterior portion of the mPFC and
one at the posterior portion of the mPFC. A cut was then made at
the border of the PL and IL to separate the two structures and per-
pendicular cuts were made along the lateral borders of the PL and
IL regions. All tissue above the IL was collected as PL tissue (includ-
ing the entire PL and some anterior cingulate cortex above it) and
only tissue in the IL region was collected as IL tissue. For the amyg-
dala, dorsal hippocampus, and retrosplenial cortex, all tissue was
collected from the same slice. A coronal cut was made at anterior
tip of the dorsal hippocampus and amygdala and another cut
was made at the posterior end of the amygdala. For the amygdala,
a cut was made along the external capsule and a diagonal cut was
made along the optic tract. For the retrospenial cortex, two vertical
cuts were made on each of the lateral borders of the RSC directly
above the peaks of the hippocampus. The ventral portion of RSC
was separated from the dorsal hippocampus with a single horizon-
tal cut. For the dorsal hippocampus, a scalpel blade was used to
gently separate the dorsal hippocampus from its surrounding tis-
sue. Each tissue sample was homogenized in buffer (all in 100 ml
DDH2O; 0.605 g Tris–HCl; 0.25 g sodium deoxycholate; 0.876 g
NaCl; 0.038 g EDTA; 0.0042 g NaF; 1 lg/ml PMSF; 1 lg/ml leupep-
tin; 1 lg/ml aprotinin; 10 ml 10% SDS, 1 Mm sodium orthovana-
date) and immediately placed on dry ice. Samples were stored at
�80 �C until needed. Samples were thawed and centrifuged at
4000 rpm for 20 min at 4 �C. The supernatant was removed and
measured using a Bradford protein assay kit (Bio-Rad, Hercules,
CA). Protein samples were normalized and loaded on a 7.5% SDS/
PAGE gel. Proteins were transferred from the gel to a membrane
using a Turbo Transfer system (Bio-Rad). Membranes were incu-
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bated in blocking buffer for 1 h and then overnight at 4 �C in pri-
mary antibody (1:500) against phospho-ERK (Cell Signaling Tech-
nology, Danvers, MA, USA) or total-ERK (1:500; Cell Signaling).
Following primary antibody exposure, membranes were incubated
in goat anti-rabbit secondary antibody (1:10,000) (Millipore, Bille-
rica, MA, USA) for 60 min at room temperature. Membranes were
washed three times, placed in a chemiluminescence solution for
5 min (SuperSignal West Dura; Thermo Scientific, Rockford, IL)
and imaged with a camera-based G:Box Chemi system (Syngene,
Frederick, MD). Desitometry was performed with the GeneTools
analysis software (Syngene).

2.8. Immunofluorescence

Following an overdose of isoflurane, rats were perfused tran-
scardially with 0.1 M PBS followed by 10% buffered formaldehyde
before being decapitated. Brains were immediately removed and
soaked in 10% buffered formaldehyde overnight. The following
day, the brains were moved to 30% sucrose formalin for cryopro-
tection until they sunk. The brains were then embedded in OCT
medium, rapidly frozen in isopentane and stored at �80 �C until
slicing. 50 lm slices were collected throughout the amygdala and
retrosplenial cortex and were floated in 0.1 M PBS in 24-well
plates. The slices were incubated in 1% sodium borohydride for
Fig. 1. Infusion of the AMPAR antagonist CNQX into the amygdala disrupts freezing exp
Experimental timeline. (B) Location of injector placements in the amygdala. Figures a
extinction session (day 2). Both Delay (n = 6) and Trace (n = 6) rats given CNQX showe
session compared to vehicle animals (DFC n = 6, TFC n = 5). Data are expressed as an a
conditioning; AMY, amygdala; CS, conditional stimulus; ITI, intertrial interval.
15 min, washed twice in PBS for 10 min each, incubated for
30 min in 10% normal goat serum, followed by primary antibody
for pERK (1:500, Cell Signaling) and NeuN (1:500; Millipore)
overnight at 4 �C. The following day, the slices were washed
twice in 0.1 M PBS (10 min each) before being incubated in sec-
ondary antibody solution with both anti-rabbit Alexa 594 and
anti-mouse Alexa 488 antibodies (1:500 dilution each, Invitro-
gen) for 2 h in the dark. Slices were then rinsed with 0.1 M PBS
twice and mounted onto unsubbed slides using Ultra Cruz
mounting medium (Santa Cruz). Finally, the slides were covers-
lipped and the edges were sealed with nail polish. The slides
were stored at 4 �C.

The slices were imaged using a fluorescence microscope (Nikon
Eclipse) running NIS-Elements software. NeuN images were used
to anatomically match the amygdala and RSC slices. Images were
collected using identical exposure parameters and background
adjustments were conducted individually to produce equivalent
background luminescence to allow punctate pERK staining to be
compared between slices.

2.9. Statistical analysis

For behavioral experiments, the average percent time spent
freezing was calculated using the FreezeScan 1.0 software (Clever
ression for both delay and trace fear conditioning during the extinction session. (A)
dapted from Paxinos and Watson (2007), copyright 2007. (C) Freezing during the
d impaired freezing during the CS (top) and ITI (bottom) periods of the extinction
verage of the first 12 trials. �p < 0.05. DFC, Delay fear conditioning; TFC, trace fear
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Sys Inc., Reston, VA). The computer scoring parameters were cho-
sen to closely match handscoring methods used previously in our
lab to measure freezing behavior. Acquisition data were analyzed
on a minute-by-minute basis. For the extinction and test sessions,
the data were handscored by a trained observer to correct for rest-
ing behavior; rats would commonly lie down during the long
extinction training and subsequent test session, which would be
automatically scored as freezing behavior by the computer. For
both the extinction and test sessions, the percent time spent freez-
ing during the 30 s discrete CS presentation was calculated sepa-
rately from the percent time spent freezing during the 60 s ITI
periods. T-tests were used to identify drug effects for the average
of the first 8 or 12 trials of the extinction session, the average of
the first 6 or all 8 trials of the test session, or the corresponding
average ITI freezing.

For the western blot experiment, pERK densitometry measure-
ments obtained using the GeneTools software were normalized to
total ERK expression and expressed as a percentage of the HC con-
trol for each training type. Individual blots were only excluded
from analysis if the densitometry measurement was greater than
2 standard deviations from the group mean or if the image was
improperly developed. Data were analyzed using ANOVA and
planned comparisons where appropriate.
Fig. 2. Infusion of CNQX into the amygdala during extinction training disrupts
extinction retention the following day for delay, but not trace fear conditioning.
Freezing during the extinction retention test (day 3) is shown. Delay animals given
CNQX during extinction learning show impaired extinction retention during both
the CS (top) and ITI (bottom) periods of the test session. CNQX did not affect
extinction for Trace animals. �p < 0.05, # p = 0.067. CS, Conditional stimulus; ITI,
intertrial interval.
3. Results

3.1. Experiment 1: Amygdala activity is required for delay, but not
trace fear extinction

We first tested whether amygdala activity is necessary for the
extinction of delay and trace fear. To this end, we infused the AMPA
receptor (AMPAR) antagonist CNQX into the amygdala before delay
or trace extinction training (Fig. 1A). Blocking AMPARs with CNQX
prevents normal postsynaptic depolarization, effectively shutting
down excitatory neural transmission (Day, Langston, & Morris,
2003; Izquierdo et al., 1993; Kim, Campeau, Falls, & Davis, 1993;
Malenka & Nicoll, 1999). Previous work has demonstrated that a
local microinfusion of CNQX quickly and effectively shuts down
fast synaptic transmission (Day et al., 2003). On day 1, animals
were trained with strength-matched delay or trace fear condition-
ing to produce approximately equivalent levels of freezing (Kwapis
et al., 2011). All animals showed normal acquisition (Fig. S1A). No
group differences were observed in the levels of postshock freezing
for either delay [t(9) = 0.847, p = 0.419] or trace [t(9) = 0.560,
p = 0.589] animals.

On day 2, animals were given intra-amygdala infusions of either
CNQX or vehicle (DMSO) approximately 5 min before extinction
training in context B (see Fig. 1B for infusion sites). The first 12 tri-
als of the extinction session were analyzed in order to determine
whether retrieval or expression of the fear memory was affected
by this infusion. Both delay and trace CNQX animals showed im-
paired freezing expression at the beginning of the extinction ses-
sion (Fig. 1C; see Fig. S2A for full time course). Delay animals
given CNQX showed significantly less freezing than delay vehicle
animals during the first 12 CS [t(9) = 2.994, p = 0.015] and ITI
[t(9) = 3.083, p = 0.013] presentations (Fig. 1C). Similarly, trace
CNQX animals showed impaired freezing relative to vehicle con-
trols in both the first 12 CS [t(9) = 2.315, p = 0.046] and ITI
[t(9) = 2.560, p = 0.031] presentations (Fig. 1C). This CNQX-induced
freezing impairment is consistent with previous data demonstrat-
ing that amygdala activity is required for normal freezing expres-
sion (Helmstetter, 1992; Helmstetter & Bellgowan, 1994; Maren
& Holt, 2004; Muller, Corodimas, Fridel, & LeDoux, 1997; Sierra-
Mercado et al., 2011) and suggests that our infusion effectively dis-
rupted amygdala activity during the extinction training session.
On day 3, animals were given a drug-free extinction retention
test (Fig. 2) to assess their memory for the extinction training they
received in the presence of CNQX or vehicle the previous day. We
found that intra-amygdala CNQX impaired extinction memory
retention for delay, but not trace fear. No differences in freezing
were observed during the pre-CS baseline period of the test session
for either delay [t(9) = �0.852, p = 0.416] or trace [t(9) = �0.919,
p = 0.382] animals (see Fig. S3A). For the delay group, an average
of all 8 trials revealed significantly higher freezing in CNQX ani-
mals relative to vehicle controls during the ITI periods
[t(9) = 2.421, p = 0.039], with a strong trend for this effect during
the CS periods [t(9) = 2.079, p = 0.067] (Fig. 2). When only the first
6 trials were considered, CNQX animals showed significantly more
freezing than vehicle animals during both the CS [t(9) = 2.332,
p = 0.045] and ITI [t(9) = 2.900, p = 0.018] periods. This finding sug-
gests that amygdala activity is necessary for delay fear extinction.
Surprisingly, we observed no effect of CNQX on trace fear extinc-
tion. There was no effect for drug during either the CS [8 trials:
t(9) = 1.068, p = 0.313; 6 trials: t(9) = 1.585, p = 0.147] or ITI [8 tri-
als: t(9) = 1.861, p = 0.096; 6 trials: t(9) = 1.863, p = 0.095] periods
of the test session for trace animals, indicating that trace fear
extinction was learned normally despite amygdala inactivity the
previous day during the extinction training session. Together, our
results confirm that amygdala activity is necessary for normal
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delay fear extinction, but also suggest that trace extinction may not
require AMPAR-mediated amygdala activity.
3.2. Experiment 2: Plasticity in the amygdala is also required for delay,
but not trace fear extinction

Our first experiment demonstrated that amygdala activity was
only necessary for delay fear extinction; trace extinction was
learned normally despite amygdala inactivation. In our second
experiment, we tested whether plasticity in the amygdala is re-
quired for delay and trace fear extinction. To this end, we used
APV to block NMDA receptor (NMDAR) activity during extinction
(Fig. 3A). During learning, NMDAR activation allows calcium into
the postsynaptic cell, triggering a number of molecular cascades
that ultimately result in plasticity that strengthens the synaptic
connections supporting the association. Blocking NMDAR activity
with a local infusion of APV prevents the induction of long-term
potentiation (a form of synaptic plasticity believed to underlie
memory formation) without affecting normal synaptic transmis-
sion (Day et al., 2003). Blocking NMDAR-dependent plasticity in
the amygdala before extinction is known to disrupt extinction
retention for delay fear conditioning (Falls et al., 1992; Lee &
Kim, 1998; Santini, Muller, & Quirk, 2001; Sotres-Bayon et al.,
2007), but it is unknown whether NMDAR-dependent plasticity
in the amygdala is necessary for trace fear extinction. If the amyg-
Fig. 3. Infusion of the NMDAR antagonist APV into the amygdala does not disrupt freezing
of injector placements in the amygdala. Figures adapted from Paxinos and Watson (2007
(n = 7) nor Trace (n = 7) rats given APV showed significant impairments in freezing durin
vehicle controls (DFC n = 8, TFC n = 7). Data are expressed as an average of the first 8 tr
conditional stimulus; ITI, intertrial interval.
dala is not necessary for trace extinction, NMDAR blockade in the
amygdala during extinction should affect delay extinction reten-
tion without preventing normal trace fear extinction.

Here, we infused APV into the amygdala before delay or trace
extinction training (Fig. 3B). On day 1, animals were trained with
strength-matched delay or trace fear conditioning. All animals
showed normal acquisition (Fig. S1B) with no differences observed
between groups during the postshock period for either delay
[t(12) = 0.111, p = 0.914] or trace [t(13) = 1.154, p = 0.269] animals.

On day 2, animals were given intra-amygdala infusions of APV
or vehicle (ACSF) approximately 5 min before extinction training
in context B (Fig. 3A). We first analyzed the first 8 trials of the
extinction session in order to determine whether the retrieval or
expression of the fear memory was affected by this infusion. All
animals showed normal levels of freezing at the beginning of the
extinction session, with APV dampening freezing levels slightly,
though there was no statistical difference between APV- and
ACSF-infused animals during the CS [Delay: t(12) = 0.498,
p = 0.627; Trace: t(13) = 1.710, p = 0.111] or ITI [Delay:
t(12) = 1.791, p = 0.099; Trace: t(13) = 1.575, p = 0.139] periods
(Figs. 3C and S2B). This demonstrates that APV, unlike CNQX, did
not impair freezing behavior at the start of extinction.

The following day, animals were given a drug-free extinction
retention test (Fig. 4). No differences in freezing were observed
during the pre-CS baseline period of the test session for either
expression for either delay or trace animals. (A) Experimental timeline. (B) Location
), copyright 2007. (C) Freezing during the extinction session (day 2). Neither Delay
g either the CS (top) or ITI (bottom) periods of the extinction session compared to

ials. DFC, Delay fear conditioning; TFC, trace fear conditioning; AMY, amygdala; CS,
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delay [t(12) = �0.123, p = 0.904] or trace [t(13) = 1.268, p = 0.227]
animals (see Fig. S3B). During the CS, however, intra-amygdala
infusion of APV impaired extinction memory retention in delay,
but not trace animals. Specifically, we observed significantly higher
freezing for delay APV animals compared to delay vehicle animals
during both the CS [t(12) = 6.111, p < 0.001] and ITI [t(12) = 4.092,
p = 0.001] periods of the retention test (Fig. 4). Trace animals, on
the other hand, showed good extinction regardless of whether they
were administered APV or vehicle before extinction training; no ef-
fect of drug was observed during either the CS [t(13) = 1.217,
p = 0.245] or ITI [t(13) = 1.935, p = 0.075] periods of the test
(Fig. 4). These results demonstrate that NMDAR-dependent plastic-
ity in the amygdala is necessary for delay, but not trace fear extinc-
tion. Together with Experiment 1, our research suggests that the
amygdala plays a crucial role in the extinction of delay fear associ-
ations but trace fear extinction may occur without amygdala activ-
ity (Experiment 1) or plasticity (Experiment 2).
3.3. Experiment 3: ERK phosphorylation is increased in the amygdala
after delay extinction and in the retrosplenial cortex after trace
extinction

Our results show that trace extinction was learned normally
even when activity (Experiment 1) or plasticity (Experiment 2)
was blocked in the amygdala, suggesting that other structures
Fig. 4. Infusion of APV into the amygdala during extinction training disrupts
extinction retention the following day for delay, but not trace fear conditioning.
Freezing during the extinction retention test (day 3) is shown. Delay animals given
APV during extinction learning show impaired extinction retention during both the
CS (top) and ITI (bottom) periods of the test session. APV did not affect extinction
for Trace animals. * p < 0.05. CS, Conditional stimulus; ITI, intertrial interval.
mediate trace fear extinction. In order to identify brain structures
important for the extinction of trace conditioning, we performed
a western blot study to measure the phosphorylation of ERK/MAPK
(pERK) in a number of candidate structures following delay or trace
extinction. We chose pERK as our marker of extinction-related
plasticity based on a wealth of studies demonstrating involvement
of pERK in a number of learning paradigms, including auditory fear
conditioning (Berman, Hazvi, Rosenblum, Seger, & Dudai, 1998;
Blum, Moore, Adams, & Dash, 1999; Duvarci, Nader, & LeDoux,
2005; Kelly, Laroche, & Davis, 2003; Schafe et al., 2000; Zhang,
Okutani, Inoue, & Kaba, 2003) and delay fear retrieval (Duvarci
et al., 2005; Parsons et al., 2010). Importantly, ERK phosphorylation
has been shown to be upregulated in both the amygdala and mPFC
following delay fear extinction training (Herry, Trifilieff, Micheau,
Luthi, & Mons, 2006; Hugues, Deschaux, & Garcia, 2004; Kim, Ham-
lin, & Richardson, 2009; Parsons et al., 2010). Increased ERK phos-
phorylation, therefore, is consistent with a structure undergoing
plastic changes characteristic of extinction learning.

On day 1 animals were trained with strength-matched delay or
trace fear conditioning. On day 2, animals were not extinguished
(NE), were given a 4-trial retrieval session (4T), or were given the
full 40-trial extinction session (EXT). Thirty minutes later, half of
the animals were killed for western blots and half of the animals
were given an extinction retention test on day 3 (Figs. 5A and
S4A). We first demonstrated that our protocols (NE, 4T, and EXT)
were effective in producing the appropriate behavior (Fig. S4B
and C). Planned comparisons demonstrated that the animals given
the 40-trial extinction session showed significantly reduced freez-
ing at test relative to the NE and 4T groups for both delay
[p = 0.015] and trace [p = 0.001] animals (Fig. S4C). This indicates
that 40T animals successfully acquired extinction. Further, we ob-
served that the 4T group was not significantly different than the NE
group during the test session for either delay [p = 0.172] or trace
[p = 0.443] animals, indicating that the 4-trial retrieval procedure
did not produce extinction. Importantly, the animals showed no
difference in freezing levels during the baseline period for the
extinction ([Delay: t(43) = �0.316, p = 0.754; Trace:
t(44) = �0.583, p = 0.563]; Fig. S4C) or test ([Delay:
F(2,30) = 0.161, p = 0.852; Trace: F(2,30) = 1.730, p = 0.195];
Fig. S3C) sessions. Further, the 4T and 40T groups showed equiva-
lent freezing during the first 4 CS presentations of the extinction
session [Delay: t(43) = �0.505, p = 0.616; Trace: t(44) = �1.769,
p = 0.084], indicating that they showed similar fear levels at the
beginning of the day 2 session. Together, these results indicate that
our NE, 4T and 40T protocols produced the desired behavior.

Once we confirmed that only the EXT protocol produced extinc-
tion, we ran western blots on tissue samples from the amygdala,
dorsal hippocampus (DH), infralimbic medial prefrontal cortex
(IL), prelimbic medial prefrontal cortex (PL), and retrosplenial cor-
tex (RSC) and blotted for pERK and total ERK expression. In the
amygdala, ERK phosphorylation was increased following delay,
but not trace fear extinction (Fig. 5B). For delay extinction, planned
comparisons demonstrated that ERK phosphorylation was in-
creased for the 4T and EXT groups relative to the NE control group
[p = 0.023]. For trace extinction, no significant differences were ob-
served between groups and a planned comparison between the NE
control and the 4T and EXT groups revealed no significant differ-
ence in ERK phosphorylation levels [p = 0.932]. We confirmed
these results with immunofluorescence, which qualitatively dem-
onstrated more punctate staining in the lateral nucleus of the
amygdala following 4T and EXT for delay animals only (Fig. S5).
These results are consistent with the idea that the amygdala
undergoes plasticity to support delay, but not trace fear extinction.

In the IL, a structure known to support extinction consolidation
(Burgos-Robles et al., 2007; Hugues et al., 2004; Quirk & Mueller,
2008; Quirk, Russo, Barron, & Lebron, 2000; Sierra-Mercado et al.,



Fig. 5. ERK phosphorylation is selectively increased in the amygdala following delay extinction and in the retrosplenial cortex following trace extinction. (A) Experimental
design. Animals were sacrificed 30 min after extinction or retrieval on day 2 (n = 9–10 per group.) (B) ERK phosphorylation is upregulated in the amygdala following retrieval
(4T) and extinction (EXT) of delay fear conditioning, but no change in ERK phosphorylation was observed following trace retrieval or extinction. (C) In the infralimbic cortex,
ERK phosphorylation was upregulated following both delay and trace extinction. (D) No changes in ERK phosphorylation were observed in the dorsal hippocampus. (E) ERK
phosphorylation in the prelimbic cortex was slightly increased following trace fear extinction, although this effect was not significant. No changes were observed in delay
animals. (F) ERK phosphorylation was significantly increased in the retrosplenial cortex following trace fear extinction, but no change was observed following delay
extinction. �p < 0.05, # p = 0.054, ^p = 0.533, not significant. DFC, Delay fear conditioning; TFC, trace fear conditioning; pERK, phosphorylated ERK; totERK, total ERK.
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2011; Sotres-Bayon et al., 2007), we observed increases in ERK
phosphorylation following both delay and trace extinction
(Fig. 5C). For delay animals, phosphorylated ERK levels were signif-
icantly higher in the EXT group than the NE controls [p = 0.031].
Similarly, for trace animals, EXT animals showed a strong trend to-
wards more ERK phosphorylation compared to NE control animals
[p = 0.054]. This suggests that plasticity in the IL normally occurs
following both delay and trace fear extinction and is consistent
with the known role of the IL in inhibiting fear-related output in
the amygdala during delay extinction (Burgos-Robles et al., 2007;
Herry et al., 2010; Quirk & Mueller, 2008; Sierra-Mercado et al.,
2011).

We also measured ERK phosphorylation in the dorsal hippo-
campus (DH). The DH is important for controlling the context spec-
ificity of extinction for a delay CS (Corcoran et al., 2005; Hobin
et al., 2006), for the extinction of context fear (Fischer et al.,
2007; Huh et al., 2009; Radulovic & Tronson, 2010; Schimanski
et al., 2002; Tronson et al., 2009; Vianna et al., 2001), and also
for the acquisition of trace fear conditioning (Gilmartin & McE-
chron, 2005a; McAlonan, Wilkinson, Robbins, & Everitt, 1995;
McEchron, Bouwmeester, Tseng, Weiss, & Disterhoft, 1998; McE-
chron, Tseng, & Disterhoft, 2000; Misane et al., 2005; Quinn, Loya,
Ma, & Fanselow, 2005; Quinn et al., 2002; Tsaltas, Preston, & Gray,
1983). The DH may therefore be involved in trace extinction learn-
ing. Surprisingly, we observed no changes in ERK phosphorylation
in the DH following either delay or trace fear extinction (Fig. 5D).
Planned comparisons demonstrated that there was no significant
difference between delay EXT and NE animals [p = 0.874], nor
was there a difference between trace EXT and NE animals
[p = 0.509]. Thus, the DH did not appear to undergo ERK-related
plastic changes following either delay or trace extinction.

The PL has been implicated in both the acquisition (Baeg et al.,
2001; Gilmartin & Helmstetter, 2010; Gilmartin & McEchron,
2005b; Gilmartin et al., 2012) and storage (Quinn, Ma, Tinsley,
Koch, & Fanselow, 2008; Runyan, Moore, & Dash, 2004) of trace
fear associations. We therefore hypothesized that the PL would
play a key role in trace extinction, as well. In the PL, we observed
a slight, nonsignificant increase in ERK phosphorylation following
trace, but not delay fear extinction (Fig. 5E). For delay animals,
we observed no increases in pERK following retrieval or extinction
[p = 0.533]. On the other hand, for trace animals, we observed a
slight increase in ERK phosphorylation following extinction
[p = 0.123]. Although this upregulation of pERK was not significant,
this pattern is consistent with the idea that the PL may play a role
in trace fear extinction.

We also measured ERK phosphorylation in the retrosplenial cor-
tex following delay and trace extinction. The involvement of the
RSC in complex, explicit, spatial, and relational associations in both
humans and rodents (Aggleton, 2010; Cooper et al., 2001; Corcoran
et al., 2011; Haijima & Ichitani, 2008; Katche, Dorman, Gonzalez,
et al., 2013; Katche, Dorman, Slipczuk, et al., 2013; Keene & Bucci,
2008a, 2008b; Maddock, 1999; Maguire, 2001; Robinson et al.,



Fig. 6. Infusion of the NMDAR antagonist APV into the retrosplenial cortex disrupts trace (but not delay) memory retrieval during the extinction session. (A) Experimental
timeline. (B) Location of injector placements in the anterior retrosplenial cortex. Figures adapted from Paxinos and Watson (2007), copyright 2007. (C) Freezing during the
extinction session (day 2). Trace animals given APV (n = 12) show significant impairments in freezing relative to ACSF controls (n = 13) during both the CS (top) and ITI
(bottom) periods of the extinction session. Delay animals given APV (n = 13) showed no drug impairments during either period relative to vehicle delay animals (n = 14). Data
are expressed as an average of the first 12 trials. �p < 0.05. DFC, Delay fear conditioning; TFC, trace fear conditioning; RSC, retrosplenial cortex; CS, conditional stimulus; ITI,
intertrial interval.
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2011; Rosenbaum et al., 2004; Steinvorth et al., 2006; Svoboda
et al., 2006) makes it a good candidate for participating in trace
fear extinction. Consistent with this, we observed upregulated
ERK phosphorylation in the RSC following trace, but not delay fear
extinction (Fig. 5F). For delay animals, there was no significant dif-
ference in ERK phosphorylation between NE and EXT animals
[p = 0.931]. For the trace group, EXT animals had significantly high-
er ERK phosphorylation levels than NE animals [p = 0.028]. Immu-
nofluorescence demonstrated this same pattern; we observed little
evidence of punctate staining in the RSC except in the trace extinc-
tion group, which showed a large upregulation of pERK-expressing
cells in the RSC (Fig. S6). This indicates that the RSC undergoes
ERK-related plasticity following trace, but not delay fear extinction.

Our western blot study demonstrated three key points. First, as
with Experiments 1 and 2, it suggested that plasticity in the amyg-
dala is important for the extinction of delay, but not trace fear con-
ditioning. Secondly, we observed increases in ERK phosphorylation
in the IL following both delay and trace fear extinction, suggesting
that the IL plays a key role in extinction learning regardless of the
specific type of conditioning. Finally, we identified the RSC as a
structure that undergoes plasticity following trace, but not delay
extinction. The RSC, therefore, may specifically participate in trace
fear extinction.
3.4. Experiment 4: Plasticity in the retrosplenial cortex is required for
trace, but not delay fear extinction

Our western blot study identified the RSC as a structure that
may be involved in the extinction of trace, but not delay fear. To
test whether plasticity in the RSC is necessary for delay or trace
extinction, we infused the NMDAR antagonist APV into the anterior
RSC before delay or trace extinction training (Fig. 6A). On day 1,
animals were trained with strength-matched delay or trace fear
conditioning. All animals showed normal acquisition (Fig. S1C)
and no differences were observed between groups during the post-
shock period for either delay [t(25) = 0.458, p = 0.651] or trace
[t(23) = 0.002, p = 0.998] animals.

On day 2, animals were infused into the anterior RSC with APV
or vehicle (ACSF) before extinction (Fig. 6B). The first 12 trials of
the extinction session were analyzed in order to determine
whether the retrieval or expression of the fear memory was af-
fected by this infusion (Fig. 6C). Delay animals showed normal lev-
els of freezing at the beginning of the extinction session; APV
animals and ACSF animals froze at similar levels during both the
first 12 CS [t(25) = 1.372, p = 0.181] and ITI [t(25) = 1.291,
p = 0.209] periods. The trace animals, however, showed signifi-
cantly reduced freezing during both the first 12 CS [t(23) = 2.752,



Fig. 7. Infusion of APV into the RSC during extinction training disrupts extinction
retention the following day for trace, but not delay fear conditioning. Freezing
during the extinction retention test (day 3) is shown. Trace animals given APV
during extinction learning showed impaired extinction retention during both the CS
(top) and ITI (bottom) periods of the test session. APV did not affect extinction for
Delay animals. �p < 0.05. CS, Conditional stimulus; ITI, intertrial interval. Note:
Supplemental figure captions supplied with the figures.
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p = 0.011] and ITI [t(23) = 2.867, p = 0.009] periods of the extinction
session (Figs. 6C and S2C). Thus, blocking NMDA receptors in the
RSC only disrupted freezing for the trace animals. As delay animals
were able to express normal levels of freezing in the presence of
the same manipulation, this finding suggests that inhibiting NMDA
receptors in the RSC does not generally impair freezing behavior
but may more selectively block the retrieval of trace fear memory.

On day 3, animals were given a drug-free extinction retention
test (Fig. 7). APV infusion into the RSC impaired trace extinction
memory without affecting extinction memory retention in the de-
lay group. No differences in freezing were observed during the pre-
CS baseline period of the test session for either delay [t(25) = 0.776,
p = 0.445] or trace [t(23) = �0.685, p = 0.500] animals (see
Fig. S3D). For delay animals, no differences in freezing levels were
observed during either the CS [t(25) = 0.554, p = 0.585] or ITI
[t(25) = 0.244, p = 0.809] periods of the test session. For the trace
group, however, APV-infused animals showed significantly higher
freezing during both the CS [t(23) = 2.059, p = 0.051] and ITI
[t(23) = 2.464, p = 0.022] periods than vehicle animals. These re-
sults demonstrate that NMDARs in the RSC are important for both
the retrieval of trace fear memory (Fig. 6C) and the extinction of
trace fear (Fig. 7). The RSC does not appear to play a key role in
either the retrieval or the extinction of delay fear associations,
however.
4. Discussion

The current study demonstrates that the amygdala and RSC play
critical and dissociable roles in the extinction of two different
forms of fear memory. Delay fear extinction appears to require
the amygdala while trace fear extinction requires the RSC. In our
first two experiments, we demonstrated that blocking either AM-
PAR-dependent neural activity or NMDAR-dependent plasticity in
the amygdala was sufficient to disrupt delay, but not trace fear
extinction. Next, in order to identify structures that specifically
support trace extinction learning, we ran a series of western blots
using ERK phosphorylation as a general marker of extinction-re-
lated plasticity. Consistent with the results of Experiments 1 and
2, we observed upregulation of ERK phosphorylation in the amyg-
dala following delay, but not trace fear extinction. The RSC showed
the opposite pattern, however; in the RSC, we observed increased
ERK phosphorylation following trace, but not delay fear extinction.
This finding indicates that the RSC may be an important structure
in the extinction of trace, but not delay fear memories. To test this,
in our final study, we inhibited NMDAR-dependent plasticity be-
fore delay or trace fear extinction and demonstrated that only trace
extinction was affected. Together, our results demonstrate that the
amygdala is crucial for delay, but not trace fear extinction and for
the first time identify a novel role for the RSC in the extinction of
trace, but not delay associations.

The main goal of this study was to identify the neural circuit
supporting trace fear extinction in order to better understand fear
reduction in humans in response to explicit cues. Trace fear condi-
tioning can be considered a rodent model for explicit fear because
it is both cortex- and hippocampus-dependent and requires expli-
cit contingency awareness in humans. It is therefore important to
characterize how the neural circuit supporting trace fear extinction
differs from that of standard delay fear extinction. Our results sug-
gest that trace fear relies on cortical, rather than subcortical struc-
tures for extinction. While delay fear associations are extinguished
through the coordinated actions of the amygdala, IL, and hippo-
campus, trace extinction requires the retrosplenial cortex, rather
than amygdala participation. Delay and trace fear extinction there-
fore have distinct neural circuits, with trace extinction primarily
requiring the participation of cortical regions, particularly the RSC.

One interesting finding was that retrieval of the trace fear mem-
ory (assessed by averaging the first 12 trials of the day 2 extinction
training session) was impaired when APV was infused into the RSC
while delay memory retrieval was not affected. (Fig. 6C). As RSC
infusions did not affect freezing in delay animals, it seems that in-
tra-RSC NMDA receptor blockade does not generally impair the
animals’ ability to freeze. This suggests that inhibiting NMDARs
in the RSC selectively prevented trace memory retrieval. This find-
ing is similar to the results of previous studies in which RSC manip-
ulations (either lesions or NMDA receptor blockade) in animals
trained with delay fear conditioning were shown to impair context
memory retrieval without affecting fear to the discrete delay CS
cue (Corcoran et al., 2011; Keene & Bucci, 2008a, 2008b). In partic-
ular, Keene and Bucci (2008a) demonstrated that lesions of the RSC
one day after delay fear conditioning impaired freezing to the con-
text without affecting fear to the auditory delay CS. It therefore ap-
pears that retrieving fear to the discrete CS in trace conditioning
relies on cortical structures that also participate in context fear re-
trieval. Delay fear, on the other hand, does not seem to require this
complex circuit for retrieval. Together, these studies suggest that
NMDARs in the RSC are required for the retrieval of complex con-
textual and trace fear associations but are not required for retrieval
of CS fear for delay fear conditioning.

As retrieval of trace fear was impaired when APV was infused
into the RSC, one might argue that the animals were unable to
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learn fear extinction because they were unable to express freezing
during the extinction session. This does not seem to be the case,
however, as our first experiment demonstrated that trace animals
with a near-complete blockade of freezing during the extinction
session were still able to learn extinction normally (Figs. 1C and
2). Animals can therefore acquire extinction even when they are
unable to express freezing during the extinction training session.
Therefore, our finding that intra-RSC NMDA receptor blockade im-
pairs extinction in trace animals cannot simply be explained as the
result of impaired freezing expression for these animals during
extinction.

In our final experiment, we observed that intra-RSC APV was
sufficient to impair extinction in trace animals despite a compara-
tively small effect size. One important note is that our extinction
was relatively weak in this experiment compared to Experiments
1 and 2, even though identical training and extinction procedures
were used throughout. One possible reason for this reduced extinc-
tion is the cannulation procedure itself; cannulation in the anterior
RSC necessarily damaged some dorsal retrosplenial tissue, which
may have reduced extinction learning. In order to control for non-
specific effects of cannulation, we compared APV animals to vehi-
cle control animals that experienced the same tissue damage. As
we observed a significant difference in freezing levels between
the APV and vehicle animals for the trace group, we can conclude
that intra-RSC APV impaired extinction in trace animals despite the
relatively small effect size.

Our western blot study revealed a number of interesting find-
ings that should be further explored in future studies. First, in
the amygdala, we observed increased pERK expression following
both retrieval and extinction of delay fear conditioning. This sug-
gests that reactivating a delay fear association is sufficient to drive
pERK-dependent plasticity in the amygdala. This is not altogether
surprising, as previous studies have shown that the amygdala is
a crucial site of plasticity during the reconsolidation period (Jarom-
e et al., 2011; Nader, Schafe, & Le Doux, 2000; Parsons, Gafford,
Baruch, Riedner, & Helmstetter, 2006) and increased ERK phos-
phorylation has previously been observed in the amygdala follow-
ing delay memory retrieval (Parsons et al., 2010). pERK, therefore,
marks both extinction- and reconsolidation-related plasticity in
the amygdala.

Another interesting observation was the upregulation of ERK
phosphorylation in the IL following both delay and trace fear
extinction. The IL is known to play a crucial role in extinction learn-
ing (Burgos-Robles et al., 2007; Hugues et al., 2004; Quirk & Muel-
ler, 2008; Sierra-Mercado et al., 2011; Sotres-Bayon et al., 2007), as
it projects to the intercalated cell (ITC) layer of the amygdala and
inhibits amygdalar output by silencing the central nucleus (Herry
et al., 2010; Pare, Quirk, & Ledoux, 2004; Sierra-Mercado et al.,
2011). According to this circuitry, the IL would be expected to drive
extinction-related learning regardless of the type of training. In-
deed, we observed increases in pERK in the IL following both delay
and trace fear extinction, suggesting that the IL is involved in
extinction regardless of the specific form of training used; both im-
plicit and explicit associations appear to require the IL for extinc-
tion. Interestingly, we also observed a trend towards increased
ERK phosphorylation in the IL following trace memory retrieval,
indicating that the IL may play some role in retrieving trace fear
memory, as well.

No significant changes in ERK phosphorylation were observed
in either the DH or the PL following delay or trace fear extinction.
In the hippocampus, we observed no evidence of changes in pERK
expression. As the hippocampus is involved in modulating the con-
textual components of learning and extinction to a discrete CS,
rather than storing the memory itself (Bangasser, Waxler, Santollo,
& Shors, 2006; Clark & Squire, 1998, 2004; Frohardt, Guarraci, &
Bouton, 2000; Ji & Maren, 2005; Wilson, Brooks, & Bouton, 1995),
this finding suggests that the DH does not require plasticity to sup-
port extinction of a discrete CS. The DH may play more of a mod-
ulatory role, rather storing or extinguishing the memory for both
delay and trace fear conditioning. The PL, on the other hand,
showed a nonsignificant increase in ERK phosphorylation follow-
ing trace, but not delay fear extinction. Although this increase
was not statistically significant, this pattern suggests that some
plasticity may occur in PL neurons to support trace, but not delay
fear extinction. As the PL is required for the acquisition and consol-
idation of trace fear associations (Baeg et al., 2001; Gilmartin &
Helmstetter, 2010; Gilmartin & McEchron, 2005b; Gilmartin
et al., 2012; Quinn et al., 2002; Runyan & Dash, 2004; Runyan
et al., 2004), it may be involved, to some extent, in the extinction
of trace conditioning, as well. While our results do not demonstrate
that the PL is involved in trace fear extinction, they also do not rule
out the possibility that the PL is a key structure. Future studies
should test what role, if any, the PL plays in trace fear extinction.

Why does trace fear extinction rely on a different neural circuit
than delay fear extinction? There are a number of possibilities. One
attractive explanation is that the site of memory storage dictates
where extinction-related plasticity needs to occur. While delay fear
memory relies on the amygdala for permanent storage (Gale et al.,
2004; Kwapis et al., 2009; Maren, 2001; Maren, Aharonov, & Fanse-
low, 1996; Serrano et al., 2008), trace fear associations may be
stored in cortical regions, including the mPFC (Blum, Hebert, &
Dash, 2006; Runyan & Dash, 2004; Runyan et al., 2004). When
extinction occurs, it is likely that the synapses supporting the ori-
ginal fear memory are updated so that the new information about
the CS–UCS relationship can be incorporated into the memory
trace. From this perspective, the amygdala would need to undergo
plastic changes during delay extinction whereas cortical areas,
including the mPFC, would need to undergo plasticity during trace
extinction in order to update the original memory. Our findings
show that plasticity occurs in the mPFC and RSC (but not in the
amygdala) during trace fear extinction, which may represent the
modification of a trace fear association stored in a distributed cor-
tical manner. This hypothesis requires that the trace CS–UCS asso-
ciation is stored in cortical areas, however, rather than the
amygdala. Recent studies have shown that the amygdala is re-
quired for the successful acquisition and consolidation of trace fear
conditioning (Gilmartin et al., 2012; Guimarais, Gregorio, Cruz, Gu-
yon, & Moita, 2011; Kwapis et al., 2011), but it is unclear whether
this plasticity supports the storage of the CS–UCS association itself
or whether it represents strengthening of the amygdala outputs to
downstream structures that control the fear response. Additional
work will be needed to determine whether the mPFC, RSC, and
other cortical areas are involved in storing the trace fear associa-
tion, as hypothesized.

Alternatively, it is possible that the amygdala is not necessary
for trace extinction in the presence of cortical input. Specifically,
the RSC and mPFC may support extinction of trace fear under nor-
mal circumstances, making the amygdala unnecessary for extinc-
tion acquisition. If these forebrain structures are inhibited before
extinction, however, the amygdala may again become necessary
for trace fear extinction. Research from the Mauk laboratory indi-
cates that this may be the case for trace eyeblink conditioning;
the basic cerebellar circuitry necessary for delay eyeblink extinc-
tion was only required for trace eyeblink conditioning if upstream
forebrain input was blocked (Kalmbach & Mauk, 2012). Our results
suggest that this is not the case for trace fear extinction, however.
First, we observed increased expression of pERK in cortical areas,
but not in the amygdala following trace extinction. If the amygdala
serves a ‘‘backup’’ role in the extinction of trace fear conditioning,
however, one might expect some evidence of plasticity in this loca-
tion following trace fear extinction. Further, if the amygdala can
support extinction in the absence of upstream input, extinction
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should be able to occur normally despite cortical inhibition. In our
study, however, inhibiting NMDARs in the RSC was sufficient to
block extinction learning in trace animals. Finally, we inhibited
NMDA receptors, rather than general activity in the RSC. While
plasticity is impaired by this manipulation, general synaptic trans-
mission should be intact, so any signal generated in the RSC should
still be propagated to downstream structures. NMDA receptor
blockade does not usually activate compensatory neural circuits,
as the neurons are still actively communicating with other brain
regions (see Fanselow, 2010 for review). Our results therefore sug-
gest that plasticity in cortical regions, particularly the RSC, is nec-
essary for trace fear extinction.

Our study clearly demonstrates that the neural circuit support-
ing trace fear extinction is different than that supporting delay
extinction. While delay extinction requires the amygdala, trace
extinction requires the RSC. As our current understanding of the
neural mechanisms of exposure-based therapy is largely based
on the extinction of implicit delay fear associations, this finding
highlights the importance of studying explicit trace fear memory,
also, as the two types of extinction may drastically differ.
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