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The extinction of delay fear conditioning relies on a neural circuit that has received much attention and is relatively well

defined. Whether this established circuit also supports the extinction of more complex associations, however, is unclear.

Trace fear conditioning is a better model of complex relational learning, yet the circuit that supports extinction of this

memory has received very little attention. Recent research has indicated that trace fear extinction requires a different

neural circuit than delay extinction; trace extinction requires the participation of the retrosplenial cortex, but not the amyg-

dala, as noted in a previous study. Here, we tested the roles of the prelimbic and infralimbic regions of the medial prefrontal

cortex in trace and delay fear extinction by blocking NMDA receptors during extinction learning. We found that the pre-

limbic cortex is necessary for trace, but not for delay fear extinction, whereas the infralimbic cortex is involved in both types

of extinction. These results are consistent with the idea that trace fear associations require plasticity in multiple cortical areas

for successful extinction. Further, the infralimbic cortex appears to play a role in extinction regardless of whether the animal

was initially trained in trace or delay conditioning. Together, our results provide new information about how the neural

circuits supporting trace and delay fear extinction differ.

[Supplemental material is available for this article.]

Extinction is a behavioral paradigm in which responding to a
conditioned stimulus is reduced following repeated presentation
of the stimulus in the absence of reinforcement (Pavlov 1927). It
is generally accepted that extinction reflects new learning, rather
than unlearning of the initial contingency (Pavlov 1927; Rescorla
and Heth 1975; Bouton and King 1983; Bouton and Nelson 1994;
Berman and Dudai 2001; Myers and Davis 2002). Extinction has
received extensive attention recently, as it has been likened to
an animal model of exposure-based therapies used clinically to
treat anxiety disorders (Davis 2002; Milad and Quirk 2012).

Our understanding of the neural circuit of extinction comes
primarily from work studying the extinction of delay fear condi-
tioning. In delay fear conditioning, an initially neutral condition-
al stimulus (CS), like a tone or white noise, is immediately
followed by a naturally aversive unconditional stimulus (UCS),
usually a shock. Importantly, delay fear can be acquired and ex-
pressed without contingency awareness in humans (Clark and
Squire 1998; Knight et al. 2006) and is a model of simple, implicit
fear memory. Extinction of delay fear requires plastic changes in a
number of brain regions, including the amygdala (Falls et al. 1992;
Parsons et al. 2010), and the infralimbic medial prefrontal cortex
(IL mPFC) (Burgos-Robles et al. 2007; Sotres-Bayon et al. 2009;
Parsons et al. 2010). Plasticity in the amygdala may reflect updat-
ing of the original memory for delay fear conditioning, which is
thought to be stored in the amygdala (Maren et al. 1996a; Maren
2001; Gale et al. 2004; Serrano et al. 2008; Kwapis et al. 2009). Ac-
cordingly, manipulations of the amygdala can disrupt the consol-
idation (Bailey et al. 1999; Schafe and LeDoux 2000; Parsons et al.
2006; Jarome et al. 2011), storage (Gale et al. 2004; Serrano et al.
2008; Kwapis et al. 2009), and extinction (Lu et al. 2001; Lin
et al. 2003; Herry et al. 2006; Kim et al. 2007; Sotres-Bayon et al.
2007) of delay fear memory. Plasticity in the IL, on the other
hand, appears to support the extinction memory itself, as manip-

ulations of the IL disrupt extinction retention (Morgan et al. 1993;
Quirk et al. 2000; Hugues et al. 2004; Burgos-Robles et al. 2007;
Sotres-Bayon et al. 2007; Sierra-Mercado et al. 2011). Coordinated
actions between the IL, the amygdala, and the hippocampus pro-
duce decreased responding to the CS in delay fear extinction
(Myers and Davis 2007; Sierra-Mercado et al. 2011).

Although the neural circuit of delay fear extinction has been
generally identified, far less is currently understood about the ex-
tinction of more complex fear memories. One model of complex
fear learning is trace fear conditioning, in which the CS and UCS
are separated by an empty period of time, called the trace interval.
Trace fear conditioning involves a more complex CS–UCS rela-
tionship and learning requires the participation of the hippocam-
pus (McEchron et al. 1998, 2000; Quinn et al. 2002) and prelimbic
mPFC (PL) (Runyan et al. 2004; Gilmartin and McEchron 2005;
Gilmartin and Helmstetter 2010; Gilmartin et al. 2012, 2013).
Importantly, trace fear conditioning requires contingency aware-
ness in humans for successful acquisition (Knight et al. 2006;
Weike et al. 2007). This awareness requirement, along with hippo-
campal involvement and the complex and relational qualities of
the task make trace fear conditioning a particularly good para-
digm for modeling explicit fear memory in rodents (Squire
1992; Han et al. 2003; Kwapis et al. 2014).

Recent work has demonstrated that the extinction of trace
fear requires a different neural circuit than that identified for delay
fear extinction (Kwapis et al. 2014). Specifically, this study dem-
onstrated that the amygdala was required for delay fear extinc-
tion, consistent with previous work (Falls et al. 1992; Lu et al.
2001; Lin et al. 2003; Herry et al. 2006; Kim et al. 2007; Sotres-
Bayon et al. 2007; Sierra-Mercado et al. 2011), but the amygdala
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was not involved in trace fear extinction (Kwapis et al. 2014). The
retrosplenial cortex, on the other hand, was shown to play a role
in trace, but not in delay fear extinction (Kwapis et al. 2014). The
neural circuit required for extinction of complex trace fear associ-
ations, therefore, appears to differ from that supporting the ex-
tinction of basic delay fear. The extent to which the trace and
delay extinction circuits differ is currently unclear.

Here, we aimed to further elucidate how the delay and trace
fear extinction circuits differ by testing the role of the medial pre-
frontal cortex in both types of extinction. To this end, we used
localized, restricted infusions of the NMDA glutamate receptor
antagonist 2-amino-5-phosphonovaleric acid (APV) targeted to ei-
ther the prelimbic or infralimbic region of the medial prefrontal
cortex to test whether plasticity in each region is necessary for
delay or trace extinction. NMDA receptors play a crucial role in
triggering synaptic plasticity (Collingridge et al. 1983; Malenka
and Nicoll 1999; Day et al. 2003) and are necessary for many forms
of learning, including fear conditioning (Miserendino et al. 1990;
Campeau et al. 1992; Fanselow and Kim 1994; Maren et al. 1996b;
Gewirtz et al. 1997; Gilmartin and Helmstetter 2010). Important-
ly, extinction-related plasticity requires NMDA receptor activa-
tion; blocking NMDA receptors in either the amygdala (Falls
et al. 1992; Lee and Kim 1998; Santini et al. 2001; Sotres-Bayon
et al. 2007) or infralimbic cortex (Burgos-Robles et al. 2007; Sotres-
Bayon et al. 2009) generally disrupts retention of delay fear ex-
tinction. By locally restricting our infusions to either the prelim-
bic or infralimbic region of the medial prefrontal cortex, we
aimed to dissociate the roles of each structure in trace and delay
fear extinction.

Results

Histology
Only rats with injector tips terminating in the appropriate loca-
tions (PL or IL) were included in the analyses (Fig. 1A,B). Most

of the cannulae placements were appropriately located in the tar-
get region. Five animals were excluded from analyses based on
misplaced cannula (PL placements: n ¼ 2; IL placements, n ¼ 3).
Cannulae placements for the remaining 86 animals were deemed
acceptable.

Experiment 1: blocking NMDA receptors in the prelimbic

cortex impairs trace, but not delay fear extinction
We first tested whether the PL is necessary for trace or delay fear
extinction (Fig. 1C). As the PL plays a role in the acquisition
(Runyan et al. 2004; Gilmartin and McEchron 2005; Gilmartin
and Helmstetter 2010; Gilmartin et al. 2013) and possibly storage
(Runyan and Dash 2004; Runyan et al. 2004; Blum et al. 2006) (but
see Quinn et al. 2008) of trace fear conditioning, it was hypothe-
sized that NMDA receptor-dependent plasticity in the PL would be
required for trace, and not delay fear extinction. On day 1, animals
were trained with strength-matched delay or trace fear condition-
ing in Context A (Fig. 2A). All animals showed normal acquisition
before drug infusion and no group differences were observed in
the levels of post-shock freezing for either delay (t(12) ¼ 1.049,
P ¼ 0.315) or trace (t(14) ¼ 20.594, P ¼ 0.562) animals.

On day 2, animals were given intra-PL infusions of the
NMDA receptor inhibitor APVor vehicle (ACSF) �5 min before ex-
tinction training in Context B (Fig. 2B; Supplemental Fig. S1A).
There was no effect of APV infusion on freezing levels during
the first eight CS presentations of the extinction training session
for either delay (t(12) ¼ 21.230, P ¼ 0.242) or trace (t(14) ¼

20.787, P ¼ 0.445) animals (Fig. 2B; see Supplemental Fig. S1A
for full extinction timecourse). This suggests that NMDA receptor
blockade in the PL does not disrupt freezing behavior during ei-
ther delay or trace extinction.

The following day, animals were given a drug-free retention
test in order to assess their memory for the extinction session
they received in the presence of APVor vehicle (Fig. 2C). We found
that APV infusion into the PL disrupted retention of trace fear ex-

tinction without affecting delay extinc-
tion memory. For delay animals, average
freezing during an average of all eight
CS trials revealed no significant differ-
ence between vehicle and APV animals
(t(12) ¼ 20.732, P ¼ 0.478), indicating
that the drug did not impair extinc-
tion memory. For trace animals, on the
other hand, APV animals showed sig-
nificantly higher freezing to the CS than
vehicle controls (t(14) ¼22.332, P ¼
0.035). Together, these findings suggest
that NMDA receptors in the prelimbic
cortex are necessary for trace fear extinc-
tion, but are not required for extinction
of delay fear.

Experiment 2: blocking NMDA

receptors in the infralimbic cortex

enhances both delay and trace fear

extinction
In our second experiment, we tested
whether NMDA receptors in the infra-
limbic cortex are involved in delay or
trace fear extinction (Fig. 1C). As the IL
plays a documented role in extinction
(Morgan et al. 1993; Quirk et al. 2000;
Hugues et al. 2004; Burgos-Robles et al.
2007; Sotres-Bayon et al. 2007; Sierra-

Figure 1. (A,B) Location of acceptable cannulae placements in either the prelimbic (A) or infralimbic
(B) cortex. Animals were infused with either ACSF (white symbols) or APV (black symbols) before extinc-
tion of delay or trace conditioning. (C) The experimental timeline.

mPFC and trace extinction
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Mercado et al. 2011), and previous research from our laboratory
has shown that a key marker of plasticity (ERK phosphorylation)
is increased in the IL following both delay and trace fear extinc-
tion (Kwapis et al. 2014), we predicted that the IL would be in-
volved in the extinction of both types of memory.

Training occurred normally for both delay and trace animals
in Experiment 2. No significant differences in freezing levels were
observed during the training post-shock period for either delay
(t(27) ¼ 20.189, P ¼ 0.852) or trace (t(25) ¼ 20.622, P ¼ 0.540) an-
imals (Fig. 3A). This indicates that both groups learned fear condi-
tioning normally before drug infusion.

The following day, animals were given intra-IL infusion of
either APV or vehicle (ACSF) �5 min before extinction training.
During extinction, both delay and trace APV animals showed
reduced freezing compared with vehicle controls (Fig. 3B; see
Supplemental Fig. S1B for full timecourse). Delay animals given
APV showed significantly lower freezing levels than vehicle ani-
mals during the first eight CS presentations (t(27) ¼ 6.831, P ,

0.001). Similarly, trace APV animals also showed significantly low-
er freezing than vehicle controls during the first eight CS presen-
tations (t(25) ¼ 6.077, P , 0.001).

On day 3, animals were given a drug-free extinction retention
test (Fig. 3C). Intra-IL infusion of APV enhanced extinction for
both delay and trace animals. An average of all eight CS test trials
revealed significantly reduced freezing in delay animals given
APV relative to delay vehicle animals (t(27) ¼ 3.342, P ¼ 0.002).
Similarly, trace animals given APV show significantly lower freez-
ing during the CS compared with trace vehicle animals (t(25) ¼

2.937, P ¼ 0.007). This suggests that inhibiting NMDA receptors
in the IL enhances extinction for both delay and traceassociations.

In this study, we used two types of cannulae placements to
target the IL: straight cannulae inserted directly above the target
region and cannulae angled toward the midline at 30˚ to avoid
damaging the PL region just dorsal to the IL. The data are broken
down by cannulae type in Supplemental Figure S2. To ensure that

both cannulae types appropriately targeted the IL region, we in-
fused a fluorescent secondary antibody into the IL and visualized
its spread. Infusions through both straight (Supplemental Fig.
S2A) and angled (Supplemental Fig. S2D) cannulae appropriately
targeted the IL region of the medial prefrontal cortex. APV infu-
sion into both types of cannulae also produced the same general
behavioral pattern (Supplemental Fig. S2B,C,E,F). Specifically,
we observed significant decreases in freezing for both delay and
trace animals during the extinction session for both straight
(Supplemental Fig. S2B; Delay: t(12) ¼ 6.136, P , 0.001; Trace:
t(11) ¼ 6.278, P , 0.001) and angled (Supplemental Fig. S2E;
Delay: t(13) ¼ 3.915, P ¼ 0.002; Trace: t(12) ¼ 4.501, P ¼ 0.001) can-
nulae. During the extinction retention test, we observed de-
creased freezing in APV animals for both delay and trace
animals for both types of cannulae. This effect was significant
for both delay (t(12) ¼ 2.429, P ¼ 0.032) and trace (t(11) ¼ 3.191,
P ¼ 0.009) animals infused through straight cannulae (Supple-
mental Fig. S2C). For angled cannulae (Supplemental Fig. S2F), de-
lay animals showed significantly reduced freezing relative to ACSF
controls (t(13) ¼ 3.320, P ¼ 0.006) while trace animals given APV
show a nonsignificant decrease in freezing (t(12) ¼ 1.247, P ¼
0.236). Trace ACSF animals in this group had low freezing levels
at test, making it difficult to detect any enhanced extinction in
the APV animals. Regardless, both types of cannulae produce sim-
ilar behavior patterns, indicating that APV infusion into the IL en-
hanced extinction retention regardless of damage to the PL.
Together, our results demonstrate that NMDA receptor blockade
in the IL affects delay and trace extinction in the same manner:
it impairs recall of both delay and trace associations and enhances
extinction learning for both types of conditioning.

Discussion

The goal of this study was to identify the roles of the prelimbic and
infralimbic subregions of the medial prefrontal cortex in delay

Figure 3. APV infusion into the infralimbic cortex impairs freezing during
extinction and enhances extinction retention the following day for both
Delay and Trace animals. (A) Freezing during training for Delay (top) and
Trace (bottom) animals. Data are shown as average percent time freezing
per minute. (B) Freezing during the first eight CS presentations of the ex-
tinction session. APV infusion before extinction impaired freezing for
both Delay and Trace animals. (C) Freezing during the extinction retention
test on day 3. Both Delay and Trace animals infused with APV show en-
hanced extinction retention relative to ACSF controls. (∗) P , 0.05.

Figure 2. APV infusion into the prelimbic cortex before extinction dis-
rupts extinction retention the following day for Trace, but not Delay
animals. (A) Freezing during training for Delay (top) and Trace (bottom)
animals. Data are shown as average percent time freezing per minute. (B)
Freezing during the first eight CS presentations of the extinction session.
APV infusion before extinction did not impair freezing for either Delay or
Trace animals. (C) Freezing during the extinction retention test on day
3. Trace animals given APV show impaired extinction retention relative to
ACSF controls. APV did not affect extinction for Delay animals. (∗) P , 0.05.

mPFC and trace extinction
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and trace fear extinction in order to better understand how the
extinction circuits of these two associations differ. We found
that inhibiting NMDA receptors in the prelimbic cortex disrupted
trace fear extinction without affecting delay extinction, whereas
NMDA receptor blockade in the infralimbic cortex enhanced ex-
tinction for both delay and trace animals. Further, inhibiting
NMDA receptors in the infralimbic cortex disrupted freezing dur-
ing the extinction session, suggesting that the retrieval of both de-
lay and trace associations requires NMDA receptor activation in
the IL. Together, our findings suggest that the infralimbic cortex
plays a similar role in the extinction of both delay and trace fear
associations, whereas the prelimbic cortex is selectively involved
in extinguishing trace associations.

Our first experiment tested the role of the prelimbic cortex
in trace and delay fear extinction. The prelimbic portion of the
medial prefrontal cortex is known to play a role in trace fear ac-
quisition (Runyan et al. 2004; Gilmartin and McEchron 2005;
Gilmartin and Helmstetter 2010; Gilmartin et al. 2013) and stor-
age (Runyan and Dash 2004; Runyan et al. 2004; Blum et al.
2006) but is not necessary to acquire basic delay fear conditioning
(Gilmartin and Helmstetter 2010). Here, we showed that NMDA
receptors in the PL are also necessary for trace, but not delay
fear extinction. This suggests that the prelimbic cortex plays a
key role in extinguishing trace fear associations in addition to
its involvement in trace acquisition and storage. The PL does
not appear to play a role in extinguishing delay fear associations,
however, as manipulating PL before delay extinction had no ef-
fect on delay extinction retention. Importantly, NMDA receptor
blockade in the PL had no effect on freezing expression during
the extinction session for either delay or trace animals (Fig. 2B).
Previous studies have shown that inactivation of the PL with mus-
cimol impairs freezing expression during delay fear extinction
(Sierra-Mercado et al. 2011). Together, these results suggest that
neural activity but not NMDA receptor-dependent plasticity in
the PL is required for delay fear expression.

In our second experiment, we tested whether NMDA re-
ceptors in the infralimbic cortex are necessary for delay and trace
extinction. The IL has been identified as a crucial structure in ex-
tinguishing delay fear (Morgan et al. 1993; Quirk et al. 2000;
Hugues et al. 2004; Burgos-Robles et al. 2007; Sotres-Bayon et al.
2007; Sierra-Mercado et al. 2011). IL neurons are believed to pro-
ject to the intercalated cell layer of the amygdala, where they
activate a group of GABAergic interneurons that inhibit projec-
tion neurons in the central nucleus of the amygdala, effectively
shutting down amygdala output to prevent freezing behavior
(Paré and Smith 1993; Royer et al. 1999; Paré et al. 2004; Sotres-
Bayon and Quirk 2010). We observed that inhibiting NMDA re-
ceptors in the IL disrupted freezing during the extinction session
for both delay and trace animals. Further, NMDA receptor block-
ade augmented extinction, as both delay and trace animals
given APV during extinction showed lower freezing the following
day compared with ACSF animals. Importantly, the IL appears
to play a similar role in both types of extinction; both delay and
trace animals showed reduced freezing during extinction training
and during the extinction retention test. This suggests that the
IL plays a key role in extinction regardless of the specific type of
training used.

The enhanced extinction that we saw following NMDA re-
ceptor blockade in the IL was somewhat unexpected. We antici-
pated that this manipulation would similarly affect delay and
trace animals, as we observed, but we predicted that inhibiting
intra-IL NMDA receptors would “impair” extinction retention,
rather than enhancing it. Although a number of previous studies
have demonstrated that disrupting activity (Sierra-Mercado et al.
2006, 2011) or signaling cascades (Hugues et al. 2004; Burgos-
Robles et al. 2007; Sotres-Bayon et al. 2007; Mueller et al. 2008)

in the IL impair extinction memory for delay fear conditioning,
there are a number of notable exceptions that show either no ef-
fect (Akirav et al. 2006a; Sotres-Bayon et al. 2009) or enhanced
extinction (Akirav et al. 2006b) with preextinction IL manipula-
tions. One important note is that other studies that have inhibited
NMDA receptors in the IL targeted the ventromedial portion of
the medial prefrontal cortex with a single midline cannula, in-
cluding placements in both infralimbic and prelimbic tissue
(Burgos-Robles et al. 2007; Laurent and Westbrook 2008; Sotres-
Bayon et al. 2009). In the current study, we used a low infusion
volume and dual cannulae in order to selectively target the drug
to the IL region of the mPFC and dissociate it from the dorsal PL
region. It is possible that our effect was due to the precise infusion
procedure, as neurons in the IL and PL have opposing roles in
freezing expression (Gilmartin and McEchron 2005; Vidal-
Gonzalez et al. 2006; Sierra-Mercado et al. 2011). This would sug-
gest that while inactivation of NMDA receptors in both PL and IL
regions impairs extinction memory, selectively inhibiting NMDA
receptors in the infralimbic cortex enhances extinction retention.
Alternatively, it is possible that procedural differences (such as
our ABB design versus others’ AAA design with context preexpo-
sure) or a difference in the specific NMDA receptor antagonist
used (APV, used in the present study versus CPP or ifenprodil
used in others’ studies) may explain these discrepant results.
Nonetheless, our results were consistent; two different types of
cannulae placements produced the same general behavioral re-
sults (Supplemental Fig. S2) and demonstrated that both delay
and trace fear extinction were enhanced with intra-IL blockade
of NMDA receptors.

One might argue that our preextinction blockade of NMDA
receptors in the IL may have impaired memory retrieval or recon-
solidation, rather than enhancing extinction learning. Although
intra-IL infusion of APV did block freezing expression, this cannot
explain why we would observe reduced freezing during the test
session (Fig. 3C). If our manipulation solely prevented the retriev-
al of the CS–UCS association, one would expect the original fear
memory to be intact the following day, with the APV group show-
ing higher, rather than lower freezing at test. Similarly, it is un-
likely that we would see reduced freezing if our manipulation
disrupted reconsolidation. Blocking NMDA receptors prevents
memory destabilization (Ben Mamou et al. 2006), effectively
blocking the initiation of reconsolidation (Johansen et al. 2011;
Jarome and Helmstetter 2013). Therefore, if intra-IL APV primari-
ly affected reconsolidation, higher freezing would be anticipated,
as the original fear memory would persist. Thus, although it is un-
likely that our effects are due to an impairment of either retrieval
or reconsolidation, future studies should test whether post-
extinction NMDA receptor blockade in the IL similarly enhances
extinction memory.

One challenge to our results is that our experimental design
required different interstimulus intervals (ISIs) for the delay and
trace conditioning groups. Specifically, animals trained with trace
fear conditioning had a longer period between the onset of the au-
ditory cue and the onset of the shock (30 sec) compared with the
delay group (10 sec). It is possible that the longer ISI (rather than
the inclusion of a trace interval) altered the extinction circuit.
Previous work on trace conditioning has shown that the trace in-
terval, not the ISI, changes the neural circuit required for acquisi-
tion; the hippocampus is required for trace, but not delay eyeblink
acquisition when the ISI is held constant (Beylin et al. 2001).
Further, if contiguity is restored in trace fear conditioning, the
hippocampus is no longer required (Bangasser et al. 2006). Re-
gardless of whether the ISI or the trace interval is making trace
fear acquisition more difficult, it is clear that the extinction circuit
for this association recruits different circuitry than extinction of
delay fear.

mPFC and trace extinction
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Our results indicate that the PL portion of the medial pre-
frontal cortex is only necessary for trace extinction, whereas the
IL plays a role in both delay and trace fear extinction. Along
with the results of a previous study (Kwapis et al. 2014), this sug-
gests that trace fear extinction requires a different circuit than de-
lay. Delay fear requires both the amygdala (Falls et al. 1992; Herry
et al. 2006; Sotres-Bayon et al. 2007; Parsons et al. 2010; Sierra-
Mercado et al. 2011) and infralimbic cortex (Vidal-Gonzalez
et al. 2006; Burgos-Robles et al. 2007; Sotres-Bayon et al. 2007;
Laurent and Westbrook 2008; Sierra-Mercado et al. 2011; Kwapis
et al. 2014) for proper extinction. Trace extinction, on the other
hand, does not require plasticity in the amygdala (Kwapis et al.
2014), but requires NMDA receptors in the retrosplenial cortex
(Kwapis et al. 2014), and in the infralimbic and prelimbic cortices,
as shown here. Although the reason for this circuitry shift is un-
clear, it is tempting to conclude that trace and delay fear memo-
ries are stored in different brain regions, causing different
structures to be involved in their extinction (see Fig. 4). It is well-
established that delay fear memory relies on the amygdala for stor-
age (Maren et al. 1996a; Maren 2001; Gale et al. 2004; Serrano
et al. 2008; Kwapis et al. 2009). The plastic changes that occur
in the amygdala during delay extinction may reflect updating of
those synaptic connections that support the delay engram, where-
as IL plasticity appears to support the inhibitory connections that
produce the extinction memory itself (Fig. 4A; Quirk and Mueller
2008). For trace fear, perhaps the memory is stored in distributed
cortical circuits, rather than in the amygdala (Fig. 4B). There is ev-
idence that the medial prefrontal cortex participates in encoding
and storing the trace memory engram (Runyan and Dash 2004;
Runyan et al. 2004; Blum et al. 2006). Plasticity in the amygdala

that occurs during training may reflect strengthening of the
amygdala output circuit that facilitates connections to down-
stream structures to drive freezing, rather than storing the trace
fear engram itself. If the prelimbic and retrosplenial cortices to-
gether store the trace association, rather than the amygdala, one
would expect these structures, and not the amygdala, to undergo
updating during extinction. Again, IL regions would participate in
extinction to disable amygdala output, reducing the fear re-
sponse. Although more work is necessary to test this hypothesized
circuit, it could explain why the circuits for trace and delay extinc-
tion are different and why trace fear extinction requires cortical,
rather than subcortical participation for extinction.

In conclusion, it appears that the trace and delay extinc-
tion circuits are distinct, with some common components. The
prelimbic cortex appears to be uniquely necessary for trace fear ex-
tinction, whereas the infralimbic cortex plays a role in extinguish-
ing both delay and trace fear. The extinction of complex trace
associations, therefore, may require the participation of cortical
structures that are not involved in delay fear extinction. Our un-
derstanding of the fear extinction circuit, which has been iden-
tified largely through studies of basic delay fear, may not be
adequate to explain how more complex associations, like trace
fear, are extinguished. This study suggests that additional cortical
areas participate in extinguishing trace fear.

Materials and Methods

Animals
Subjects were 86 adult male Long-Evans rats obtained from Harlan
(Madison, WI) weighing �350 g. Rats were individually housed
under a 14:10 h light–dark cycle (lights on at 7:00 a.m.) in a
climate-controlled room. All experiments were conducted during
the light portion of this cycle. Animals had free access to water
and rat chow for the duration of the experiment. All procedures
were approved by the university Animal Care and Use Committee
and were in compliance with the National Institutes of Health
guidelines.

Surgery
All animals were handled for 3 d prior to surgery. Immediately
before surgery, rats were anesthetized with 2%–4% isoflurane in
oxygen and implanted with bilateral stainless steel 26-gauge can-
nulae (Plastics One, Roanoke, VA) aimed at the prelimbic (PL) or
infralimbic (IL) region of the medial prefrontal cortex. For the
PL, guide cannulae were bilaterally implanted at a 15˚ angle using
stereotaxic coordinates (AP +3.0 mm; ML +1.6 mm; DV 23.0
mm) relative to bregma (Paxinos and Watson 2007). For the IL,
two sets of coordinates were used. Approximately half (n ¼ 27)
of the animals received dual guide cannulae implanted straight
down to the PL/IL border using coordinates (AP +2.8; ML +0.6;
DV 24.4) relative to bregma. The other half of the IL placements
(n ¼ 29) used cannulae that were implanted at a 30˚ angle in order
to minimize destruction of the PL tissue dorsal to the target site.
Coordinates for the 30˚ angled IL cannulae were: AP +2.8; ML
+3.1; DV 24.2 relative to bregma. Cannulae were secured to
the skull with stainless steel screws, superglue, and dental cement.
Following surgery, the incision site was swabbed with a lidocaine/
prilocaine solution (2.5%/2.5%) to minimize discomfort during
recovery. Stainless steel dummy cannulae were placed in the guide
cannulae and were only removed during the drug infusion period.
Each rat was allowed at least 7 d of post-operative recovery before
the start of behavioral testing.

Drug preparation and infusion
Rats were transported and handled for 3 d before behavioral test-
ing began. During each handling session, groups of four rats were
transported to the laboratory, wrapped in a towel, and gently re-
strained by hand while the infusion pump was activated in order

Figure 4. Hypothesized circuits for Delay (A) and Trace (B) fear condi-
tioning and extinction. (A) Hypothesized Delay circuit. During condition-
ing (black arrows), CS and UCS information converges in the amygdala
and promotes storage-related plasticity. Plasticity in the central nucleus
of the amygdala (CeA) potentiates connections to “output” areas (hypo-
thalamic and brainstem regions) that support the fear response. During
extinction (gray dashed arrows), plasticity occurs in the BLA and IL. In
the BLA, extinction-related plasticity is hypothesized to incorporate new
information about the CS learned during extinction. In the IL, plasticity
is hypothesized to support increased input to the ITC layer of the amyg-
dala, which inhibits the CeA to “switch off” the fear response. (B)
Proposed Trace circuit. Here, CS and UCS information converges in dis-
tributed cortical areas (including the prelimbic and retrosplenial cortices),
which undergo plastic changes and ultimately store the association.
Plasticity is also required in the amygdala, as connections to the CeA
are potentiated to drive the fear response. Trace extinction would
require plasticity in the cortical areas involved in storage, to allow for
the new information about the CS to be incorporated into the existing as-
sociation. Extinction would also produce plastic changes in the IL, as with
delay, to drive inhibition of the amygdala.
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to allow the animals to habituate to its noise. Dummy cannulae
were removed during this handling session and the surgical site
was cleaned as needed with cotton swabs. Immediately after re-
straint handling, rats were returned to their homecages.

Drugs were prepared fresh on the day of infusion. The NMDA
receptor antagonist D-APV (Tocris) was dissolved in ACSF to a final
concentration of 10 mg/mL. This dose was chosen based on its ef-
fectiveness in past studies in our laboratory (Gilmartin and
Helmstetter 2010; Kwapis et al. 2014) and others (Falls et al.
1992; Maren et al. 1996b; Milton et al. 2008). In both the PL
and IL, a volume of 0.3 mL/side was infused at a rate of 0.5 mL/
min through 33-gauge injection cannulae that extended 0.5–
0.7 mm past the guide cannulae. Injectors remained in place for
an additional 90 sec after infusion to ensure proper diffusion.

Apparatus
Fear conditioning was conducted in a set of four identical cham-
bers housed within sound-attenuating boxes (Context A). The
floor was composed of stainless steel rods through which shocks
were delivered. Each chamber was illuminated by an overhead
7.5-W bulb and was connected to its own shock generator-
scrambler. Ventilation fans provided constant background noise
(�60 dB). Context A chambers were cleaned with a solution of
5% ammonium hydroxide between animals.

A second set of four identical chambers (Context B) was used
to conduct extinction to the auditory CS. Context B contained a
number of unique features, including infrared illumination, a sol-
id and opaque textured floor panel, and a different cleaning solu-
tion with a distinct scent (5% acetic acid). All test sessions were
conducted in Context B.

Behavioral procedures

Training

After adaptation to transportation and restraint handling, ani-
mals were trained with either delay or trace fear conditioning in
Context A (Fig. 1C). We used strength-matched conditioning to
produce approximately equivalent freezing levels for both types
of training. The training parameters were chosen based on previ-
ous work from our laboratory (Kwapis et al. 2011, 2014), which
has shown that four trials of delay fear conditioning with an ITI
of 110+20 sec produces approximately the same level of freezing
as six trials of TFC with a longer ITI of 240+20 sec. For both delay
and trace conditioning, the CS was a 10-sec white noise cue
(72 dB) and the UCS was a 1-sec foot shock (1 mA). For delay con-
ditioning, the UCS was presented at the moment of the CS offset.
For trace conditioning, the CS and UCS were separated by an emp-
ty 20-sec trace interval. For both conditioning types, the first CS
presentation occurred following a 6-min baseline period and the
final shock was followed by a 4-min post-shock period.

Extinction

Twenty-four hours after training, animals were given a 40-trial ex-
tinction session in Context B (Fig. 1C). Approximately 5 min be-
fore the extinction training session, rats were given an infusion
of APV or ACSF (vehicle) into the PL (Experiment 1) or IL
(Experiment 2). Extinction training consisted of a 1-min baseline
period followed by 40 presentations of the white noise CS (30 sec;
72 dB; 60-sec ITI). Immediately after the extinction session, ani-
mals were returned to their homecages.

Extinction retention test

On day 3, the rats were tested to assess how well they recalled the
extinction session (Fig. 1C). Testing consisted of eight CS presen-
tations (30 sec; 72 dB; 60-sec ITI) presented after a 1-min baseline
period in Context B.

Histology
After behavioral testing was complete, all animals were killed with
an overdose of isoflurane and transcardially perfused with saline
followed by 10% buffered formalin. Heads were removed and sub-
merged in buffered formalin for at least 24 h before the brains were
removed and soaked in 30% sucrose formalin for a minimum of 24
h. To verify cannulae placement, frozen 40-mm sections were col-
lected throughout the medial prefrontal cortex, mounted on
slides, and stained with cresyl violet. Injection sites were deter-
mined using a rat brain atlas (Paxinos and Watson 2007) and an-
imals with injection sites outside the appropriate structure were
excluded from the analyses.

A subset of IL animals was injected with a fluorescent second-
ary antibody in order to better identify the region targeted by in-
fusion and ensure that both types of IL cannulae (straight and
angled) produced bilateral coverage of the IL region. For these an-
imals, anti-mouse Alexa 488 (straight IL cannulae) or antirabbit
Alexa 594 (angled IL cannulae) was injected into the IL at the
same volume as the drug (0.3 mL/side). Approximately 10 min af-
ter infusion, these animals were perfused as described above and
brains were immediately removed and placed in sucrose formalin
for 2–4 d in a dark container. The brains were sliced at 40 mm in
the dark, mounted on slides, and imaged with a fluorescent micro-
scope (Nikon Eclipse) running NIS-Elements software. Alternate
slices from each of these brains were mounted and stained with
cresyl violet as described above.

Data analysis
The main dependent variable was the amount of time rats spent
engaged in freezing behavior. Freezing was defined as the absence
of all movement except for that required for respiration. The aver-
age percent time spent freezing was calculated using the Freeze-
Scan 1.0 software (Clever Sys Inc.). The FreezeScan scoring
parameters were chosen to closely match hand scoring methods
used previously in our laboratory to measure freezing behavior
(Parsons et al. 2010; Kwapis et al. 2014). Freezing was analyzed
as a percentage of each minute during the acquisition session.
The extinction and test sessions were hand scored by a trained ob-
server who was blind to the treatment groups in order to correct
for resting behavior. It was common for rats to lie down during
the long extinction session and the subsequent test session. This
resting behavior would be automatically scored as freezing by
the computer, so it was necessary to manually hand score these
sessions. For hand scoring, the behavior of each rat was scored
as freezing or not freezing once every 5 sec throughout the session.
For both the extinction and test sessions, the average percent time
spent freezing during the 30-sec discrete CS presentations was cal-
culated as a measure of fear to the CS. T-tests were used to identify
drug effects for the average of the first eight trials of the extinction
session or the average of all eight trials of the test session within
each training type. In all analyses, an a value of 0.05 was required
for significance.
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