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Activation of the infralimbic region (IL) of the medial prefrontal cortex (mPFC) reduces conditioned fear in a variety of
situations, and the IL is thought to play an important role in the extinction of conditioned fear. Here we report a series of
experiments using contextual fear conditioning in which the IL is activated with the GABAa antagonist picrotoxin (Ptx)
during a single extinction session in the fear context. We investigate the impact of this manipulation on subsequent extinction
sessions in which Ptx is no longer present. First, we demonstrate that a single treatment with intra-IL Ptx administered in a
conditioned fear context greatly accelerates the rate of extinction on the following days. Importantly, IL-Ptx also enhances
extinction to a different fear context than the one in which IL-Ptx was administered. Thus, IL-Ptx primes extinction learning
regardless of the fear context in which the IL was initially activated. Second, activation of the IL must occur in conjunction with
a fear context in order to enhance extinction; the extinction enhancing effect is not observable if IL-Ptx is administered in a
neutral context. Finally, this extinction enhancing effect is specific to the IL for it does not occur if Ptx is injected into the pre-
limbic region (PL) of the mPFC. The results indicate a novel persisting control of fear induced by activation of the IL and

suggest that IL activation induces changes in extinction-related circuitry that prime extinction learning.

The extinction of fear is an important adaptive process in which
the organism learns to suppress responding to a stimulus associ-
ated with fear. Extinction of a conditioned response typically
occurs when the conditioned stimulus (CS) is repeatedly pre-
sented in the absence of an aversive consequence (unconditioned
stimulus [US]). It is generally believed that the extinction process
does not erase the fear memory; rather, extinction is thought to
result in new learning that inhibits the conditioned fear (for
review, see Bouton 2004; Myers and Davis 2007). Thus, extinction
depends on active suppression of the conditioned fear response,
likely by inhibiting output of the central nucleus of the amygdala
(CeA) (Amano et al. 2010), as the CeA is thought to be the final
integrative region controlling fear responses (for review, see
Fendt and Fanselow 1999; Maren and Quirk 2004; Paré et al.
2004; Ehrlich et al. 2009).

Several lines of evidence have implicated the medial prefron-
tal cortex (mPFC) as a critical substrate in extinction processes and
the suppression of fear, and the mPFC is heavily interconnected
with the amygdala. In particular, activation of the infralimbic
(IL) region of the mPFC decreases CeA output (Quirk et al.
2003). This effect of the IL is thought to be executed through IL
projections that densely innervate clusters of GABAergic cells of
the amygdala that are interspersed between the borders of the
basolateral amygdala (BLA) and CeA referred to as intercalated
cells (ITC) (Cassel and Wright 1986; McDonald et al. 1996;
Vertes 2004; Likhtik et al. 2005; Pinto and Sesack 2008). These
ITC cells exert feed-forward inhibition on the CeA (Royer et al.
1999; Paré et al. 2003) and may be important for extinction
(Likhtik et al. 2008). Consistent with the functional anatomy of
the IL, the literature reveals that manipulations that impair or
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stimulate the IL can impair (Hugues et al. 2004; Burgos-Robles
et al. 2007; Mueller et al. 2008; Laurent and Westbrook 2009;
Sotres-Bayon et al. 2009) or enhance extinction accordingly
(Milad and Quirk 2002; Milad et al. 2004; Vidal-Gonzalez et al.
2006).

Moreover, activation of the IL can alter the impact of a sub-
sequent encounter with an aversive event such as stress. Our lab-
oratory has generated evidence that the IL and prelimbic regions
(PL) of the mPFC are activated during controllable stress (Baratta
et al. 2009). Activation of the mPFC either behaviorally (with
control over the stressor) or pharmacologically during an uncon-
trollable stressor (with the GABAa antagonist picrotoxin [Ptx]) can
regulate the neurochemical and behavioral responses to that stres-
sor (Amat et al. 2005). This activation of the mPFC during aversive
experiences alters the impact of future challenges, indicating that
the mPFC guides the neural and behavioral response to subse-
quent challenges (Amat et al. 2006, 2008; Maier et al. 2006). For
example, mPFC activation with controllable stress reduces the
expression of conditioned fear (Baratta et al. 2007, 2008). These
data lead us to believe that mPFC activation during an aversive
event can induce neural changes that alter the effect of future
aversive events.

The experiments we report here were designed to evaluate
whether IL activation in an aversive context might have long-
term effects on the regulation of fear. Specifically, we activated
the IL during a single extinction session and we examined the
effect of this manipulation on subsequent fear extinction trials
during which artificial IL activation is no longer present. We envi-
sioned at least two potential ways that IL activation could exert its
effects on subsequent extinction. This experience could (1)
enhance the ability of these neurons to control the expression
of the freezing during subsequent extinction sessions; or (2) out-
put from these activated neurons during the first extinction might
in someway enhance subsequent learning by modulating the
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ability to induce plasticity needed for the new learning (Amano
et al. 2010). It should be clearly noted that the question posed is
not whether IL activation reduces the expression of fear or
whether the IL is involved in extinction as has been repeatedly
shown (Milad and Quirk 2002; Milad et al. 2004; Vidal-Gonzalez
et al. 2006). Rather, the issue is whether activating the IL during
the experience of conditioned fear might facilitate subsequent
fear extinction during which artificial IL activation is no longer
present. In the series of experiments presented here, rats were
given a strong fear conditioning experience followed the next
day by IL activation during a brief (5-min) extinction session.
The IL was selectively activated in a fear context by microinjecting
Ptx, which activates pyramidal output cells of the IL (Chagnac-
Amitai and Connors 1989). It has already been shown that
intra-IL-Ptx induces the expression of the immediate early gene
c-Fosin ITC cells (Berretta et al. 2005). The effects of IL-Ptx on con-
ditioned freezing were observed during brief extinction sessions
over several days following that single injection. The results indi-
cate a novel persisting control of the fear by the IL.

Results

Cannula placement

Only animals with cannulae terminating in the IL (or PL for
Experiment 5) were included for data analysis. Representative can-
nulae placements for Experiments 1, 2, 3, 4, and 6, as indicated by
the site of Evans Blue, are shown in Figure 1 (left). PL cannulae
placements for Experiment 5 are shown in Figure 1 (right).

Experiment I: IL activation in a fear
context enhances fear extinction
The goal of Experiment 1 was to deter-
mine the effects of IL activation on subse-
quent fear extinction. Rats (n=6)
received contextual fear conditioning
on Day 0. On Day 1 they received IL-Ptx
or Sal prior to being tested in the condi-
tioned context. On Days 2, 3, and 4, the
same animals were tested in the condi-
tioned context without a drug injection
(see Fig. 2A for experimental design). It
is clear that Ptx markedly reduced freez-
ing on the injection day ({0, = 3.199,
P < 0.01). There was no effect of Ptx on
the first extinction day after the Ptx
injection (Day 2). However, prior IL-Ptx
greatly reduced freezing on extinction
Days 3 and 4 (Fig. 2B). A repeated-mea-
sures analysis of variance (ANOVA)
revealed a significant main effect of day
(F(2,20)= 6.22, P <0.01) and significant
main effect of drug (F;,10) = 6.50, P <
0.05) such that animals treated with IL-
Ptx on Day 1 displayed reduced fear.
Post-hoc pairwise analyses revealed that
Ptx group freezing was significantly
lower than Sal on Days 3 and 4.

Thus, IL-Ptx on Day 1 significantly
reduced conditioned freezing on Day 1
and had the enduring effect of reducing
freezing on subsequent days even though
Ptx was no longer present. It is important
to note that the effect of IL-Ptx on
Days 2 through 4 was not statistically
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reliable until Day 3. This suggests that IL activation might
enhance the new learning that supports extinction.

Experiment 2: IL-Ptx enhances extinction learning

It is clear that IL-Ptx accelerates extinction; however, this effect
was not observed during the first extinction session the day
following IL-Ptx. In the previous experiment, the extinction
sessions were relatively brief (5 min) and may not have been
long enough to reveal an effect of previous IL-Ptx. Thus, in
Experiment 2 rats (n = 9) received an extended (20-min) extinc-
tion session in order to determine if the Ptx can facilitate extinc-
tion learning (Fig. 3A). As expected, on Day 1 IL-Ptx reduced
freezing (t(16) = 2.75, P < 0.05). Of greater interest, this treatment
greatly accelerated the rate of extinction on Day 2 (Fig. 3B). A
repeated-measures ANOVA with a Greenhouse-Geisser correction
on Day 2 freezing data revealed a significant main effect of
drug (Fq,16) = 10.56, P < 0.01), a significant main effect of time
(F(1.36,21.69) = 18.67, P<0.001), and a significant drug x time
interaction (F(l.36,21A69) = 483, rP< 005)

Therefore, IL-Ptx greatly accelerates the rate of extinction,
and this effect requires extended extinction learning before it is
observable. These data suggest that treatment with IL-Ptx primes
the mechanisms that support extinction.

Experiment 3: The effects of IL-Ptx transfer between fear
contexts
It is clear that IL-Ptx in a fear context accelerates extinction. This

finding suggests that the activation of the IL during the first
extinction session influences the subsequent regulation of fear.
The purpose of Experiment 3 was to determine if the effect of
IL-Ptx is specific to the context in which it was administered.

Figure 1. Site of injections in the IL (Experiments 1, 2, 3, 4, and 6) and PL (Experiment 5). Circles
represent injector tip placements that are representative of rats in all experiments. Numbers indicate
distance from bregma (millimeters). (Figure adapted from Paxinos and Watson [1998] and reprinted
with permission from Elsevier © 1998.)
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Figure 2. Experiment 1. Experimental design (4) and mean percent
total time spent freezing (B). IL-Ptx reduced freezing in a conditioned
context (Day 1) and this single activation enhanced the rate of extinction
(Days 2 through 4). Bars, SE.

In Experiment 3, rats (n = 16) were first conditioned to two
contexts: Context A and B. On Day 1 rats received IL-Ptx or Sal
prior to being tested in Context A. On the following days (Days
2 through 7) animals received extinction sessions in the opposite
conditioned context, Context B (note the specific features of A
and B were counterbalanced; Fig. 4A).

There was no statistical difference in freezing based on con-
text so the data was collapsed across contexts. As expected, on
Day 1 IL-Ptx reduced freezing (f32) = 5.847, P <0.0001). Of
greater interest, these animals did not differ from controls on
Day 2. However, they showed a significantly accelerated rate of
extinction on the following days (Fig. 4B). A repeated-measures
ANOVA with a Greenhouse-Geisser correction revealed a signifi-
cant main effect of day (F(3.66,117.19) = 50.112, P < 0.0001), a sig-
nificant main effect of drug (F(;,32) = 17.52, P <0.0001), and a
significant day x drug interaction (F(3.66,117.19) = 2.93, P < 0.05).

The above results imply that the effect of IL-Ptx is not specific
to the context in which it was administered. Moreover, these
results indicate that IL-Ptx facilitates the acquisition of extinction
rather than altering a process that regulates the expression of fear.
This conclusion receives additional support from the third phase
of the experiment described next.

In this phase, the rats were given three additional extinction
sessions on Days 8, 9, and 10, now in the context (A) where they
had originally received the drug on Day 1. There was no general-
ization of extinction on the first session (Day 8). However, rats
that had received IL-Ptx extinguished more rapidly than
Sal-treated rats on the following days. A repeated-measures
ANOVA using mixed models to account for data with missing
values was used. Analysis revealed a significant main effect of
drug (F(1,37.37) = 4.40, P < 0.05), a significant main effect of day
(F1,37.37 = 186.96, P<0.001), and a significant day x drug
interaction (F(221.80) = 6.96, P <0.01). Post-hoc analysis indi-
cated that the groups did not differ on Day 8 but did differ on
Days 9 and 10.

The conclusion from these data is that IL-Ptx altered the rate
of extinction for the fear response. This was true for both the
extinction sessions in Context B and extinction sessions in
Context A, suggesting that IL-Ptx treatment altered the mecha-
nisms that support new learning produced by extinction training.
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Experiment 4: IL activation needs to occur in a fear context
to produce the enhanced extinction effect

The general hypothesis is that it is IL-Ptx in conjunction with the
elicited fear that is needed to produce the outcome of accelerated
extinction. Experiment 4 was designed to test this hypothesis.
Additionally, Experiment 4 controlled for any nonspecific effects
on freezing of the Ptx injection. On Day 0, all rats (n = 9) were
exposed to two contexts (A and B) but only shocked in A. On
Day 1, rats received IL-Ptx or Sal and were placed in either the
fear context or neutral context (A or B, respectively). On Days 2,
3, and 4, all animals were tested only in the fear context, A (see
Fig. 5A).

On the injection day animals in the neutral context (B) dis-
played very little freezing. Animals in the fear context (A) dis-
played high freezing and IL-Ptx significantly reduced the
freezing to Ctx A compared with Sal controls (Fig. 5B). A 2
(context) x 2 (drug) ANOVA on Day 1 freezing revealed a highly
significant main effect of drug (F 29) = 15.654, P <0.0001), a
highly significant main effect of context (F,29)=61.396, P <
0.0001), and a highly significant interaction of drug x context
(F(1,20) = 13.867, P < 0.001) such that freezing differed based on
drug and the context in which it was administered.

Of more importance, the group that received the combina-
tion of IL-Ptx in the fear context was the only group to display
accelerated extinction on the following days. IL-Ptx in a neutral
context did not significantly affect freezing compared with Sal
controls (Fig. 5B). A 2 x 2 repeated-measures ANOVA on Days 2
through 4 revealed a significant main effect of drug (Fg 29 =
13.139, P<0.001), a significant main effect of day (F,ss =
25.871, P<0.0001), and a significant main effect of context
(F(1,209)=7.178, P <0.01). The day x drug interaction was very
close to reaching significance (F(sgy=3.132, P=0.051). Post-
hoc pairwise comparisons revealed that Ptx-A animals froze signif-
icantly less than did the other groups on Days 3 and 4.

Theseresultsreplicate the observationsmade in Experiment 1.
More importantly, Experiment 4 indicates that the activation of
the IL in a fear context is crucial for the persisting effects of IL
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Figure 3. Experiment 2. Experimental design (A) and mean percent
total time spent freezing (B). Acute IL-Ptx on Day 1 reduced freezing in
the conditioned context. This treatment enhanced the rate of extinction
during a long extinction session on Day 2. Bars, SE.
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Discussion

The experiments reported here were
motivated by the idea that activating
the IL during a fearful experience might
alter the expression of fear beyond that
experience. Accordingly, the IL was
activated with the GABAa antagonist
Ptx while the subjects were in a fear-
conditioned context. We choose to call
this an extinction session because the
CS (fear context) was presented but not
reinforced with a shock. However, this
brief extinction session was not sufficient
to produce an observable reduction in

Figure 4. Experiment 3. Experimental design (A) and mean percent total time spent freezing (B).
Animals received conditioning in two different contexts. Acute IL-Ptx in Context A reduced freezing
on Day 1, and this treatment resulted in enhanced extinction learning in Context B on Days 2-7.
On Days 8-10, animals tested in the injection context (A) also showed enhanced extinction learning.
These results indicate that IL-Ptx enhances extinction learning across contexts. Bars, SE.

activation. Additionally, these results demonstrated that Ptx, as a
pharmacological agent alone, does not account for the reduction
in freezing observed over several days.

Experiment 5: The enhanced extinction effect is specific to
IL activation; PL activation fails to enhance extinction

The goal of Experiment 5 was to determine whether the IL is the
critical region mediating the effects observed in the preceding
experiments. To do this, we repeated Experiment 1 but microin-
jected into the PL instead (n=7; see Fig. 6A). This region was
chosen because it is located close to the IL but projects to different
regions (Vertes 2004). As shown in Figure 6B, rats injected with Ptx
displayed reduced freezing on the injection day (f12) = 4.04, P <
0.01) but did not differ from vehicle injected rats on Days 2-8.
The repeated-measures ANOVA on Days 2-8 did find a significant
main effect of day (F,72) = 17.175, P < 0.0001) such that freezing
decreased over time regardless of drug group.

Thus, the enduring effect on freezing produced by IL activa-
tion is specific to the IL; these effects were not observed with
PL-Ptx because PL-Ptx failed to accelerate extinction on subse-
quent days.

Experiment 6: The changes initiated by IL-Ptx are

temporally limited

The final experiment was designed to determine whether the
effect of IL-Ptx has a time limit. To address this question, we
repeated the basic experiment but the extinction sessions were
delayed by 6-d post-injection (n = 9; Fig. 7A). On Days 8 through
10 animals were tested in the conditioned context. IL-Ptx reliably
reduced freezing on Day 1 (f15) = 3.902, P < 0.001). However, this
treatment had no significant effect on subsequent extinction ses-
sions. A repeated-measures ANOVA revealed that neither the
main drug effect nor the drug x day interaction were significant.
However, the main effect of day reached significance (F(32) =
22.701, P < 0.0001).
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freezing, and some might call it a fear
reactivation session. The expression of
fear during the artificial IL stimulation
(Day 1) and on subsequent days was
measured. The experiments revealed
that IL-Ptx in a conditioned context
both reduced freezing during Ptx admin-
istration and enhanced extinction on
subsequent days when the drug was no
longer present. This effect was dependent on the IL being acti-
vated in a fear context; IL activation in a neutral context had no
effect on subsequent fear expression. Moreover, this effect was
specific to the IL; Ptx in the PL did not produce the same effect
on extinction. These data support the general conclusions that
IL activation in a fear context primes the learning mechanisms
that support extinction. These data are not the first to show that
IL stimulation reduces freezing and enhances extinction (Milad
and Quirk 2002; Milad et al. 2004; Vidal-Gonzalez et al. 2006).
Electrical stimulation of the IL does indeed impair CeA excitation
(Quirk et al. 2003) and reduces freezing to a conditioned tone
(Milad and Quirk 2002). However, we wish to focus our discussion
on the more interesting finding that IL activation produces
substantial enhancements in extinction that develop even after
the artificial stimulation is no longer present.

IL activation and metaplasticity
These experiments revealed that an intra-IL injection of Ptx
greatly accelerates the rate of extinction on subsequent days. It
is important to note, however, that the effect was not evident
on the extinction session the following day. These results suggest
that IL-Ptx primes the extinction circuitry in a way that allows
extinction to be acquired at an enhanced rate. The priming of
extinction learning by IL-Ptx might be viewed as metaplasticity
effects. Metaplasticity is defined as the “plasticity of plasticity”
(Abraham and Bear 1996; Abraham 1999, 2008), and this term
refers to an alteration in the state of a neuron that changes the
threshold at which plasticity may be induced and subsequently
supports learning-related changes. Generally speaking, the con-
cept recognizes that “the history of synaptic activity is an addi-
tional variable that influences the synaptic state” (Abraham
1999). We present two points that support metaplasticity as medi-
ating the effects of IL-Ptx.

First, the effect of IL-Ptx did not manifest itself immediately;
rather, the enhancements in extinction required at least one
extinction session following Ptx infusion (or an extensive
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Figure 5. Experiment 4. Experimental design (A) and mean percent
total time spent freezing (B). Animals were exposed to Context A and B
but only shocked in A. IL-Ptx administered in the neutral context (B) did
not produce enhanced extinction in Context A, indicating the fear
context is necessary in conjunction with IL activation to produce acceler-
ated extinction. Bars, SE.

extinction session). This suggests that IL-Ptx does not immedi-
ately induce learning or alter the fear memory but that it enhances
subsequent learning. Second, the effect of IL-Ptx was not context
specific. Experiment 3 revealed that IL-Ptx in one fear context, A,
enhanced the rate of extinction to another fear context, B. This
result reinforces the previous conclusion that the effect of Ptx
did not simply enhance extinction to the context present during
the administration of Ptx. In addition, it suggests that the IL-Ptx
alters the properties of the neurons that support extinction learn-
ing. That is, IL activation might induce metaplastic changes in the
areas involved in extinction that, in turn, accelerate extinction
learning.

We propose at least two possible sites of metaplastic changes
induced by IL-Ptx. One possibility is that the activation of IL
circuitry by Ptx might in some way make the neurons in this
region more responsive to subsequent extinction training
sessions and thus amplify the contributions of the IL to extinc-
tion. This possibility is consistent with the literature indicat-
ing that the IL contributes to the extinction process. Various
manipulations that impair IL activity during extinction training
impair the recall of extinction on the following day (Hugues
et al. 2004; Burgos-Robles et al. 2007; Mueller et al. 2008;
Laurent and Westbrook 2009; Sotres-Bayon et al. 2009, but see
Chang and Maren 2010). In fact, a lack of IL activity during
extinction training may be responsible for extinction deficits
(Kim et al. 2010). There is also evidence that the IL is activated
by extinction training as extinction induces several activity
and plasticity markers within the IL (Herry and Mons 2004;
Santini et al. 2004, 2008; Bredy et al. 2007; Knapska and Maren
2009; Mamiya et al. 2009) and the IL displays a sustained pattern
of spontaneous activity up to 2 h following extinction (Burgos-
Robles et al. 2007). Interestingly, the success of extinction
recall is directly correlated with the amount of IL activity
post-extinction training (Gonzalez-Lima and Bruchey 2004;
Burgos-Robles et al. 2007). Thus, it is possible that activating the
IL with Ptx enhances the future contribution of this system to
the extinction process.

www.learnmeonrg

A second possibility is that the activation of the IL with Ptx
induces a downstream metaplastic effect on “extinction” neurons
in the BLA (Herry et al. 2008) or inhibitory ITC cells (Amano et al.
2010). Both receive input from the IL (Brinley-Reed et al. 1995;
McDonald et al. 1996; Smith et al. 2000; Vertes 2004; Gabbott
et al. 2005; Pinto and Sesack 2008) and display activity-dependent
plasticity that can support extinction (Royer and Paré 2002; Herry
et al. 2008; Laurent and Westbrook 2008; Ehrlich et al. 2009;
Amano et al. 2010). The IL input to ITC cells seems to be particu-
larly important for extinction, and ITC cell clusters are important
in inhibiting the CeA output (Royer et al. 1999; Paré et al. 2003).
Moreover, IL input is required for extinction-related changes in
ITC cells (Amano et al. 2010). Given this evidence, it is reasonable
to speculate that the high amount of IL activity onto ITC neurons
generated by Ptx could alter the subsequent ability of ITC cells to
be modified by extinction.

Fear in conjunction with IL activation is necessary for the
accelerated extinction effect

Experiment 4 revealed that IL-Ptx administration in a neutral con-
text is not sufficient to induce persisting changes in the expres-
sion of fear. Peters et al. (2010) have reported seemingly similar
effects such that the infusion of BDNF into the IL enhances extinc-
tion; this facilitation does not occur if BDNF is infused prior to fear
conditioning. However, according to Peters et al. (2010), an infu-
sion of BDNF into the IL does not require extinction training to be
observed. Our results are unique in this regard: IL-Ptx alone does
not substitute for extinction training and IL-Ptx must be adminis-
tered in the fear context in order to observe an effect on extinc-
tion. This experiment does not allow determination of the
specific components of the fear context that are crucial during
IL-Ptx for the enhancements in extinction on subsequent days;
however, it is clear that emotionally arousing experiences gain a
salient status in memory. The BLA is necessary for extinction
(Laurent and Westbrook 2008; Laurent et al. 2008) and extinction
involves enhanced ITC cell responsivity to BLA inputs (Amano
et al. 2010). In the experiments presented here, activation of the
BLA within the fear context might be necessary during IL activa-
tion to produce the accelerated extinction. Thus, the changes
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Figure 6. Experiment 5. Experimental design (A) and mean percent
total time spent freezing (B). Acute PL-Ptx reduced freezing in a con-
ditioned context on Day 1. Ptx treatment on Day 1 did not significantly
alter the expression of fear on subsequent days (Days 2-8). Bars, SE.
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Figure 7. Experiment 6. Experimental design (A) and mean percent
total time spent freezing (B). When IL-Ptx in the conditioned context is
separated by 6 d from additional testing in the conditioned context, Ptx
treatment fails to reduce freezing on Days 8-10. Thus, the changes
initiated by Ptx on Day 1 are transient. Bars, SE.

produced by IL-Ptx that enhance extinction might require con-
verging input from both the IL and the BLA. Moreover, exposure
to a conditioned fear cue or context increases a combination of
molecules that are typically released during salient experiences.
For example, exposure to a conditioned context elevates periph-
eral glucocorticoids, and mPFC extracellular dopamine, acetyl-
choline, and noradrenaline (Wedzony et al. 1996; Feenstra et al.
2001; Hugues et al. 2007). Any one of these, alone or in addition
to other neurotransmitters/modulators, could act to enhance cel-
lular signaling and strengthen synapses (Gu 2002). The element(s)
necessary for the changes that accompany IL activation is yet to be
identified; however, it is clear that the effects observed are not
pharmacological artifacts of Ptx injection.

PL activation acutely reduces freezing but does not
accelerate extinction
The reduction of freezing by acute PL-Ptx on Day 1 in Experiment
5 was surprising because the afferent projections of the PL differ
from those of the IL. In particular, neurons from the PL do not
synapse on ITC cells of the amygdala. Rather, PL projections are
thought to synapse primarily on pyramidal spines in the BLA
(Brinley-Reed et al. 1995; Vertes 2004) and PL stimulation drives
the BLA (McDonald et al. 1996; Likhtik et al. 2005; but see
Rosenkranz and Grace 2001, 2002; Rosenkranz et al. 2003).
Previous research has shown that electrical stimulation of the
PL, when paired with a conditioned tone, does not significantly
alter freezing at the time of stimulation, but impairs extinction
recall on the following day (Vidal-Gonzalez et al. 2006).
Therefore, we expected PL-Ptx to increase the expression of fear.
However, the important point is that the extinction enhance-
ments on the following days are specific to IL activation; PL acti-
vation does not accelerate extinction. The absence of a PL-Ptx
enhancement on extinction might be explained by the lack of
PL input to ITC cells.

It seems necessary to briefly address the point that acute
PL-Ptx did reduce freezing in a conditioned context. Several
explanations may account for the reduction in freezing by
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PL-Ptx. For example, electrical stimulation of the PL reduces the
increase in blood pressure and tachycardia evoked by amygdala
stimulation, suggesting that the PL may play an inhibitory role
in response to amygdala activation. Alternatively, the reduction
of freezing may be a nonspecific effect of Ptx-activation produced
by PL projections outside of the amygdala. Canales (2005)
reported that intra-PL-Ptx induced c-Fos in motor areas such as
the caudate-putamen. Accordingly, PL stimulation increased
stereotypical behaviors such as head-down sniffing and upper
body tics. It is possible that the PL-Ptx attenuation of freezing
that we report may reflect PL activation of motor circuits and
the induction of stereotypical movements that mask the expres-
sion of conditioned fear as measured by freezing (al Maskati and
Zbrozyna 1989). Thus, explanation for the attenuation of freezing
by acute PL-Ptx is unclear.

In concluding, it can be noted that that there is an emerging
human literature linking mPFC activity to the regulation of fear
(Phelps et al. 2004; Rauch et al. 2006; Milad et al. 2007; Delgado
et al. 2008), and the dysregulation of the mPFC to anxiety disor-
ders (for review, see Shin and Liberzon 2010). Amygdala hyper-
activity in these disorders is often accompanied by mPFC
hypoactivity or reduced mPFC volume (Drevets 1999; Shin et al.
2006; Berkowitz et al. 2007), and it has been suggested that suc-
cessful treatment of these disorders involves increases in PFC
function (DeRubeis et al. 2008; Fales et al. 2009). The present stud-
ies suggest that under certain conditions, artificial IL activation
during the experience of fear may enhance the inhibition of fear
and strengthen IL connectivity to fear-regulating areas. This sort
of process could have profound impact on the expression of fear
and dampen the consequences of future fearful experiences.

Materials and Methods

Subjects

Adult male Sprague-Dawley rats (325-350 g; Harlan) were used in
all experiments. Upon arrival, rats were housed in pairs for 7 d
before receiving surgery; following surgery, rats were singly
housed. The colony room was maintained on a 12:12-h light:dark
cycle (on at 0700 h) with ad libitum access to standard lab chow
and water. The University of Colorado Animal Care and Use
Committee approved all protocols.

Cannulations and histology

Surgery was carried out under anesthesia with either inhalational
isofluorane or halothane. Bilateral microinjection cannulae (26 g,
1 mm center-to-center; Plastics One) were implanted. With the
exception of Experiment 5, cannulae were lowered to the IL (2.8
AP, 3.6 DV, £0.5 LM). For Experiment 5, the tips of the cannulae
terminated in the PL (3.2 AP, 1.8 DV, 0.5 LM). Coordinates were
taken from bregma and dura according to Paxinos and Watson
(1998). A stylet extending 1 mm beyond the guide cannula tip
was inserted. Rats were allowed 10-14 d to recover in their
home cages before behavioral testing began.

At the termination of each experiment, rats were injected
bilaterally with 0.25 pL of 10% Evans Blue solution to mark can-
nulae placement. Each cannula location was verified from
35-pm sections stained with cresyl violet. Only rats with injection
sites within the area of interest were included in analysis.

Microinjections

Rats were injected bilaterally with 0.25 pL of 62.5 ng/side Ptx
(Sigma) in 0.9% sterile saline or saline alone. The rats were gently
restrained in a towel while a dual microinjector (33 g, Plastics
One) was inserted through the cannula extendingl mm past the
cannula tip. The injector was connected with PE 50 tubing to a
25-pL Hamilton syringe and a Kopf microinjection unit (Model
5000). The volume was injected over a period of 30 sec and the
injector was left in place for 2 min to allow diffusion.
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Conditioning apparatus

In all experiments, freezing was defined as the absence of all
movement apart from respiration. Using a sampling procedure,
each rat was scored every 10 sec as either freezing or not freezing.
The experimenter was blind to treatment condition.

Context A

Conditioning for all experiments, unless indicated, occurred in
one of two clear Plexiglas boxes (26 cm L x 21 cm W x 24 cm H)
placed inside Igloo coolers with white interiors, small fans, and
a 24-V DC clear light. The Plexiglas boxes sat on top of a shock
grid (steel rods 1.5-mm diameter, spaced 1.2 mm center-to-center;
Model E10-30SR, Coulbourn Instruments). Each grid was wired to
a shock generator and scrambler (Model H13-16, Coulbourn
Instruments) for the delivery of footshock unconditioned stimu-
lus (US). Each shock lasted 2 sec. The rods and floor were cleaned
with 70% ethanol between animals. This context was designated
as Context A for Experiments 3 and 4.

Context B

When indicated (Experiments 3 and 4), conditioning in Context B
occurred in one of two clear Plexiglas bowls (40-cm diameter
and 31-cm deep) with 3-cm bedding. The room was lit with a
120-V red bulb. In Experiment 4, rats did not receive shock but
were simply placed in the context. In Experiment 3, each rat
was gently restrained while two copper electrodes (0.5 cm) were
attached to the base of each rat’s tail with tape. Alligator clips
and 1m of wire connected the electrodes to a shock gen-
erator and scrambler (Model H13-16, Coulbourn Instruments)
for the administration of tail shock US. Each shock was 1.0 mA
intensity and lasted 2 sec. The bowls were cleaned with 10%
quatracide and bedding was replaced between animals. For testing
trials, electrodes were taped to each rat’s tail before placing in
Context B.

Procedures for specific experiments

Experiment 1. Does IL activation in a fear context potentiate subsequent
fear extinction?

On Day 0, each rat was placed in the conditioning chamber and
allowed to explore for 2 min. Five 1.0-mA footshocks (1 min inter-
trial interval [ITI]) were delivered and rats were immediately
removed and returned to their home cage. On Day 1, rats received
IL-Ptx or saline 45 min before being placed in the conditioning
chamber where freezing was scored for 5 min. On Days 2—-4 rats
were tested for freezing in the conditioning context for 5 min
each day.

Experiment 2. Would facilitated extinction learning emerge on the first
extinction day after IL activation in a fear context if the extinction session
was longer?

On Day 0, each rat was placed in the conditioning context and
allowed to explore for 2 min before receiving five 1.0-mA tail
shocks (1 min ITI). On Day 1, rats received IL-Ptx or Sal 45 min
before being placed in the conditioning chamber and freezing
was scored for 5 min. On Day 2, rats were placed in the condition-
ing chamber for 20 min and freezing was scored. Data on Day 2
was analyzed in 5-min segments.

Experiment 3. Do the effects of IL activation in a fear context on extinction
transcend fear contexts?

On Day 0, each rat was placed in Context A and allowed to explore
for 2 min. Two 1.0-mA footshocks (1 min ITI) were delivered and
rats were returned to their home cage. Approximately 6 h later,
each rat was placed in Context B and allowed to explore for
2 min before receiving two 1.0-mA tailshocks. On Day 1, rats
received IL-Ptx or Sal 45 min before being tested for freezing in
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either Context A or Context B for 5 min. On Days 2-7, rats were
tested 5 min for freezing in the opposite context from the one
in which they had received the injection on Day 1. The contexts
were counterbalanced across drug treatment groups. On Days
8-10, rats were placed for 5 min in the initial context in which
they had received the injection on Day 1. Due to experimental
constraints of time and cannulae integrity, only one cohort of ani-
mals out of the two were tested on Days 8-9, and some days are
missing data points (Sal n =9, Ptx n = 8).

Experiment 4. Does IL activation have to occur in a fear context to enhance

subsequent extinction?

On Day 0 each rat was placed in Context B and allowed to explore
for 5 min. Approximately 4 h later, each rat was placed in Context
A, and five 1.0-mA footshocks (1 min ITI) were delivered. On Day
1, rats received IL-Ptx or Sal 45 min before being placed in either
Context A or Context B where freezing was scored for 5 min. On
Days 2-4 each rat was placed in Context A (fear context) for
5 min a day and freezing was scored. This resulted in a 2 (drug) x
2 (context on day 1) design.

Experiment 5. Is facilitation of later extinction specific to IL activation?

On Day 0, each rat was placed in the conditioning chamber and
received five 1.0-mA footshocks (1 min ITI). On Day 1, rats
received intra-PL-Ptx or Sal 45 min before being placed in the
conditioning chamber where freezing was scored for 5 min. On
Days 2-8 rats were tested for freezing in the conditioned context
5 min each day.

Experiment é. Is the facilitation of fear extinction produced by IL activation in

a fear context temporally limited?

On Day 0, each rat was placed in the conditioning context
and allowed to explore for 2 min before receiving five 1.0-mA
footshocks (1 min ITI). On Day 1, rats received IL-Ptx or Sal
45 min before being placed in the conditioned context for
5 min where freezing was scored. For the following 6 d (Days
2-7) rats remained in their home cage. On Days 8-10, rats were
placed in the conditioned context for 5 min and freezing was
scored.
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