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Conditioned fear memory, once formed through fear conditioning, is modulated by reexposure of individuals to a conditioned stimulus.
The reexposure reactivates the fear memory, which induces reconsolidation of the memory first, and then extinction of the fear
response. Both attenuating the former and facilitating the latter are effective in reducing the fear response, and these findings are
potentially translatable to the enhancement of exposure therapy for complex anxiety disorders. Currently, there is no drug that is
established to modulate either reconsolidation or extinction selectively, which are thought to be independent processes. Here, we report
that an extinction-facilitating AMPA potentiator, 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-phenoxyacetamide (PEPA), does not
act on the reconsolidation of fear memory formed by contextual fear conditioning in mice. The freezing rates observed in contextually
conditioned mice following short reexposure (3min) to the context were not influenced by intraperitoneal or intra-amygdala
administration of PEPA. The same short reexposure to the context enhanced freezing responses in mice that were similarly administered
D-cycloserine (DCS), a drug that facilitates both extinction and reconsolidation, and this enhancement of freezing responses in mice
intraperitoneally administered DCS was abolished by propranolol, a drug that suppresses reconsolidation. At the same doses used in the
short reexposure experiments, PEPA and DCS facilitated extinction of the fear response induced by long reexposure to the context and
suppressed reinstatement of the conditioned fear memory. PEPA and DCS did not affect reextinction. These results suggest that PEPA

INTRODUCTION

Conditioned fear memory, once formed through Pavlovian
fear conditioning, is modulated by reexposure of indivi-
duals to a conditioned stimulus (CS). The reexposure
reactivates the fear memory, which induces reconsolidation
of the memory first, and then extinction of the fear response
(Myers and Davis, 2002; Ouyang and Thomas, 2005; Suzuki
et al, 2004). Reconsolidation is a process that results in a
persistent or greater fear response once consolidated
memory is destabilized and reconstructed into a more
stable state by short exposure to a CS (Sara, 2000; Nader
et al, 2000). Extinction is a process by which a new
inhibitory association is formed following a longer exposure
to a CS, resulting in a reduced fear response (Myers and
Davis, 2002). Previous studies suggest that the basolateral
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nucleus of the amygdala (BLA) is mainly involved in
reconsolidation (Nader et al, 2000; Duvarci and Nader,
2004; Baldi et al, 2008), and that the amygdala, hippocam-
pus, and medial prefrontal cortex (mPFC) form a circuit
necessary for extinction in rodents (for review, see
Corcoran and Quirk, 2007; Sotres-Bayon et al, 2004; Quirk
and Mueller, 2008).

Both attenuating reconsolidation and facilitating extinc-
tion are effective to reduce the emergence of a fear response
(Diergaarde et al, 2008; Davis et al, 2006). From a clinical
point of view, this strategy has attracted attention as a
method to enhance exposure therapy for complex anxiety
disorders such as phobias, post-traumatic stress disorder
(PTSD), and obsessive-compulsive disorder. Based on this
strategy, a partial agonist for NMDA receptors, p-cycloser-
ine (DCS), a highly studied extinction-facilitating drug, was
applied to humans in a clinical trial to enhance exposure
therapy for acrophobia, social anxiety disorder, and
obsessive-compulsive disorder, and was confirmed to
enhance exposure therapy (Ressler et al, 2004; Hofmann
et al, 2006; Kushner et al, 2007; Guastella et al, 2008;
Vervliet, 2008; Norberg et al, 2008).
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Reconsolidation and extinction are thought to be
independent processes. However, because common mole-
cular mechanisms, such as protein synthesis and activation
of NMDA receptors, f-adrenergic receptors, protein kinase
A, and mitogen-activated protein kinases, are involved in
these two processes (for review, see Tronson and Taylor,
2007; Myers and Davis, 2007), drugs that act on extinction
may also influence reconsolidation. Therefore, at present, to
manipulate either of the two processes with systemic
pharmacological reagents, strict control of the duration of
reexposure is required to optimize the conditions for each
process (Suzuki et al, 2004). Specifically, with long
reexposures systemic DCS attenuates fear responses by
facilitating extinction, but with shorter reexposures it
enhances fear responses by facilitating reconsolidation
(Walker et al, 2002; Ledgerwood et al, 2003; Lee et al,
2006). Conversely, with short reexposures systemic propra-
nolol (PROP) attenuates fear responses by suppressing
reconsolidation, but with long reexposures it enhances fear
responses by reducing extinction (Ouyang and Thomas,
2005; Debiec and LeDoux, 2004; Mueller et al, 2008).
Therefore, seeking a compound that selectively acts on
reconsolidation or extinction is potentially important for
two reasons: (1) to provide a pharmacological demonstra-
tion that reconsolidation and extinction are independent
processes; and (2) to facilitate development of a therapeutic
drug that enhances exposure therapy without the undesired
side effect of fear augmentation. For the second aspect, a
compound that could be administered systemically would
be desirable.

Previously, we reported (Zushida et al, 2007) that
intraperitoneal or intra-mPFC administration of the AMPA
potentiator, 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-
phenoxyacetamide (PEPA), facilitates extinction learning of
contextual fear in mice, and that this facilitation is mainly
due to activation of the mPFC because (1) the potentiating
actions of PEPA on the excitatory synaptic response
recorded in BLA pyramidal neurons and hippocampal
CAl pyramidal neurons were weaker than those on the
synaptic response recorded in mPFC pyramidal neurons,
and (2) intra-amygdala administration of PEPA did not
significantly facilitate extinction learning. These weaker
electrophysiological and behavioral actions of PEPA on the
BLA prompted us to hypothesize that PEPA may not act on
reconsolidation of fear memory, because the BLA is mainly
involved in reconsolidation as mentioned above. In the
present study, based on this hypothesis, we examined the
action of PEPA on reconsolidation of fear memory in mice,
and found that intraperitoneal or intra-amygdala adminis-
tration of PEPA did not influence fear memory reconsolida-
tion. Furthermore, the actions of PEPA and DCS on
extinction, and another two extinction-related behaviors,
reinstatement and reextinction, were also compared to
characterize the properties of PEPA as an extinction-
facilitating drug.

MATERIALS AND METHODS
Animals

Male C57BL/6] mice were purchased from Clea (Tokyo,
Japan) and used in experiments after habituation to the
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environment of our institute’s animal center for at least
1 week. The mice were 10- to 12-week old at the beginning
of experiments. The mice were housed four or five per cage
under controlled conditions of temperature (25+1°C) and
lighting (12 h light/dark cycle) and provided with food and
water ad libitum. All experiments were conducted in strict
accordance with the regulations of the National Institute of
Neuroscience (Japan) for animal experiments.

Apparatus

All behavioral experiments were conducted in the same
conditioning chamber (20 x 20cm bottom, 35cm high;
Muromachi Kikai, Tokyo, Japan) inside a sound-attenuating
box. The chamber was made of white polyvinyl chloride,
exception for the grid floor, which was made of stainless
steel bars (0.5cm in diameter, spaced 1.0cm apart). The
rods were wired to a shock generator/scrambler (SGS-002;
Muromachi Kikai) for the delivery of electrical footshocks.
A digital video camera connected to a VHS video recorder
was mounted above the chambers to permit video scoring of
the animal’s behavior. The illumination on the floor of the
box was 200 lux.

Drugs

For intraperitoneal administration, PEPA (Sigma, St Louis,
MO; or kindly supplied by Nihon Suisan, Tokyo, Japan) and
DCS (Sigma) were dissolved (3 g/l) into vehicle consisting
of 0.45% NaCl and 33% (2-hydroxypropyl)-f-cyclodextrin
by shaking vigorously more than 3h (in case of PEPA).
(£ )-Propranolol hydrochloride (Sigma) was dissolved in
saline (1g/l). These drug solutions were administered into
mice at a dose of 30 mg/kg body weight (volume 10 ml/kg),
except for PROP, which was injected at a dose of 10 mg/kg.
The timings of injections varied among experiments and are
described in the Results section. For intra-amygdala
administration, PEPA and DCS were dissolved (2.5 g/l) into
vehicle (17% (2-hydroxypropyl)-f-cyclodextrin solution).

Behavioral Procedures

Grouping. Before each experiment, the mice used in the
experiment were randomly divided into two (Figure la-c
and g-i) or three groups (Figure 1d-f; Figures 2-5). The
mice in each group were assigned to the administration of
vehicle or drugs, according to the schedule below.

Experiment 1: effects of PEPA and DCS on reconsolidation
of contextual fear memory. On day 1 (Conditioning), mice
were placed in the conditioning chamber and permitted to
explore the chamber. After 148s, a single electrical
footshock was delivered (0.8 mA, 2s duration). Mice were
removed from the chamber 30s after the end of the
footshock and returned to their home cages. On day 2
(Reexposure), mice were reexposed to the conditioning
chamber without footshock for 3 min, for memory reactiva-
tion. In the experiment shown in Figure la-c, vehicle
-15min and vehicle -30 min groups were intraperitoneally
injected with vehicle 15 and 30 min before the Reexposure
session. In the experiment shown in Figure 1d-f, vehicle
and PEPA groups were intraperitoneally injected with
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Figure | Intraperitoneally administered 4-[2-(phenylsulfonylamino)ethyithio]-2,6-difluoro-phenoxyacetamide (PEPA) does not augment the fear

response with short reexposure. (a) Experimental design to test the effects of vehicle (Vehi) administration timings on the freezing responses in 3 min
Reexposure and Test sessions. (b) Freezing rates of mice intraperitoneally administered vehicle at different time points during the Reexposure and Test
sessions. Mice administered vehicle I5min (n=7) or 30min (n=6) before the 3min Reexposure session showed similar freezing rates during the
Reexposure session and subsequent Test session. (c) Time course of the freezing rates (bin=605s) of mice administered vehicle 15 and 30 min before
Reexposure, during the Reexposure session, and during the Test session. (d) Experimental design to test the effects of PEPA and p-cycloserine (DCS) on the
freezing responses in 3 min Reexposure and Test sessions. (e) Freezing rates of mice intraperitoneally administered vehicle (n= 10), PEPA (n=10), and
DCS (n=9) during the Reexposure and Test sessions. All groups showed similar freezing rates during the Reexposure session. By contrast, during the Test
session, the DCS group showed significantly higher freezing rates than the other two groups, and the PEPA group showed a freezing rate similar to that of
the vehicle group. (f) Time course of the freezing rates (bin =60s) of mice administered vehicle, PEPA, or DCS during the Reexposure and Test sessions.
(g) Experimental design to test whether PEPA intraperitoneally administered 30 min before the Reexposure session augments the freezing responses in the
Reexposure and Test sessions. (h) Mice administered vehicle (n =7) or PEPA (n=15) 30 min before the Reexposure session showed no significant difference
in freezing rates during the Reexposure and Test sessions. (i) Time course of freezing rates in the two groups mentioned in (h) during the Reexposure and
Test sessions. In this and subsequent figures, data are expressed as mean + SEM percentages of the time mice spent freezing during each session or each bin.

Significant difference; *p <0.01.

vehicle or PEPA 15 min before the Reexposure session, and
the DCS group was similarly injected with DCS 30 min
before the Reexposure session. In the experiment shown in
Figure 1g-i, vehicle and PEPA groups were intraperitoneally
administered vehicle and PEPA 30 min before the Reexpo-
sure session. On day 3 (Test), mice were reexposed to the
conditioning chamber for 3 min to retrieve fear memory. In
this and subsequent experiments, the duration of time mice
spent frozen in the conditioning chamber was measured
during playback of the VHS videotape. Complete immobi-
lization of the mouse, except for respiration, was regarded
as a freezing response (Blanchard and Blanchard, 1972).
The freezing response was scored as the time mouse spent
in freezing during a 180 s total session or a 60 s bin, and the
amount of freezing response was expressed as the percent
freezing rate in the 180 or 60s time window.

Experiment 2: effect of PROP on the augmented fear
responses induced by DCS. On day 1 (Conditioning), mice
were conditioned using the methods described in Experi-
ment 1. On day 2 (Reexposure), before the Reexposure
session, mice in one group were intraperitoneally adminis-
tered vehicle (n=11), and mice in other two groups were
similarly administered DCS (n=19). These mice were
reexposed to the conditioning chamber for 3 min. Immedi-
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ately after the Reexposure session, mice administered
vehicle were intraperitoneally injected with saline; 10 out
of 19 mice administered DCS were similarly injected with
saline, and the other 9 were similarly injected with PROP.
On day 3 (Test), these mice were reexposed to the
conditioning chamber for 3 min.

Experiment 3: microinjection of PEPA and DCS into the
amygdala and its effect on reconsolidation. Microinjection
into the amygdala was carried out as we reported previously
(Zushida et al, 2007). Briefly, each mouse was anesthetized
with pentobarbital (50 mg/kg, intraperitoneal) and affixed
to the brain stereotaxic apparatus (Narishige Instruments,
Tokyo, Japan). Stainless-steel guide cannulas (Eicom,
Kyoto, Japan) were bilaterally inserted into the brain so
that its tip was positioned into the amygdala (anteroposterior,
—1.22mm from the bregma; lateral, +3.10 mm; ventral,
—4.50 mm) (Paxinos and Franklin, 2001). The cannulas
were held in place with acrylic dental cement. A dummy
cannula was inserted into the guide cannula to prevent
clogging. These mice were fear conditioned 3 or 4 days after
the surgery, and the conditioned mice were administered
(0.2 pl per side, 0.05 pl/min) PEPA, DCS, or vehicle 15 min
before the Reexposure session, which was carried out 24h
after the Conditioning session. The Test session was carried
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Figure 2 The bD-cycloserine (DCS)-induced enhancement of the
fear response was blocked by the f-adrenoceptor antagonist PROP.
(a) Experimental design of this experiment. Vehicle (Vehi) or DCS was
administered to conditioned mice 30 min before the Reexposure session,
and saline or PROP was administered to the mice immediately after the
Reexposure session. (b) Freezing rates of mice intraperitoneally adminis-
tered vehicle and subsequent saline (n=11), DCS and subsequent saline
(n=10), or DCS and subsequent PROP (n=9), in the Reexposure and
Test sessions. All groups showed similar freezing rates during the
Reexposure session. By contrast, during the Test session, the DCS-saline
group showed significantly higher freezing rates than the vehicle-saline and
DCS-PROP groups, and there was no significant difference in the freezing
rates between vehicle-saline and DCS-PROP groups. (c) Time course of
freezing rates (bin=60s) during the Reexposure and Test sessions.
Significant difference; *p <0.01.

out 24 h after the Reexposure session. After the behavioral
test, mice were anesthetized with halothane and micro-
injected with 0.2 pl per side of fast green. The brains were
isolated and sectioned (200 um) using a Vibratome 3000
(Vibratome, St Louis, MO). Cannula location was assessed
under a light microscope.

Experiment 4: effects of PEPA and DCS on extinction and
reinstatement of contextual fear. On day 1 (Conditioning),
contextual fear conditioning was conducted as previously
described (Zushida et al, 2007) with slight modifications.
Mice were placed in the conditioning chamber and received
a series of eight footshocks (0.8 mA, 1s duration) at an
average of 30s intervals. The first footshock was given 59 s
after placement in the chamber. Mice were removed from
the chamber 30 s after the end of the footshock and returned
to their home cages. Freezing rates during this 30 s just after
the footshocks were measured in some mice and are shown
as post-shock freezing rates in Figure 4b. On days 2 and 3
(Extinction Trainings 1 and 2), mice were reexposed to the
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conditioning chamber without footshock for 6 min for
extinction training. Mice in two groups were intraperitoneally
injected with PEPA or vehicle 15min before the first
extinction training, and mice in another group were
similarly injected with DCS 30 min before the first extinc-
tion training. On day 5 (Pre-reminder), mice were returned
to the conditioning chamber for 3min and tested for
extinction retention. Then, a single footshock (0.8 mA, 1s
duration) was delivered as a reminder shock. On day 6
(Test), mice were tested in the conditioning chamber for
6 min. The scoring and quantification of freezing responses
were carried out similarly to Experiment 1, except that, in
the majority of the cases, the total session time was 360 s.

Experiment 5: effects of PEPA and DCS on reextinction of
contextual fear. On day 1 (Conditioning), each mouse was
placed in the conditioning chamber and received footshocks
as in Experiment 4. Mice were removed from the chamber
30s after the end of the footshock and returned to their
home cages. On day 2 (Extinction Training 1), mice were
reexposed to the conditioning chamber without footshock
for 6 min for extinction training. On day 4 (Test 1), mice
were returned to the conditioning chamber for 6 min for
testing of the extent of extinction. On day 5 (Conditioning
2), the same electrical footshocks used on day 1 were
applied to the mice. On day 6 (Extinction Training 2),
reextinction training was performed as on day 2. At 15 or
30 min before the reextinction training, mice were intraper-
itoneally injected with PEPA or DCS; vehicle was similarly
administered 15min before the reextinction training. On
day 8 (Test 2), mice were tested for extinction for 6 min.

Statistical Analysis

All data are shown as means+ SEM. One- or two-way
analysis of variance (ANOVA) was used for comparisons of
more than two groups. The factors in two-way ANOVAs
were administration timing (15 and 30 min) and session
(Reexposure and Test) in the case of Figure 1b; drug
(vehicle, PEPA, and DCS) and session (Reexposure and
Test) in the case of Figures le, h, and 3b; and drug (vehicle-
saline, DCS-saline and DCS-PROP) and session (Reexposure
and Test) in the case of Figure 2b. Similarly, in the case of
Figures 4c and 5b, the factors were drug (vehicle, PEPA, and
DCS) and session (Extinction Trainings 1 and 2, Pre-
reminder, and Test in Figure 4c; Extinction Trainings 1 and
2, Tests 1 and 2 in Figure 5b). In the case of Figure 4b, the
factor in one-way ANOVA was drug groups. If the result of
ANOVA was significant, Tukey’s post hoc comparison test
was used to analyze the freezing responses. p<0.05 was
considered statistically significant.

RESULTS

Intraperitoneally Administered PEPA does not Facilitate
Fear Memory Reconsolidation

To estimate reconsolidation, short 3-min reexposures were
conducted in each conditioned mouse using the time
schedule described in Experiment 1 in the Materials and
Methods section, and the freezing rate (%) during the
3min period was measured. Because we used different
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Intra-amygdala administration of 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-phenoxyacetamide (PEPA) did not facilitate fear memory

reconsolidation. (a) Experimental design of this experiment. (b) Freezing rates of the mice bilaterally administered vehicle (Vehi; n=15), PEPA (n=5), or
p-cycloserine (DCS) (n=5) into the amygdala (15 min before the Reexposure session), during the Reexposure and Test sessions. The freezing rates of all
groups did not differ during the Reexposure session. During the Test session, the PEPA group showed no significant difference in freezing rate compared
with the vehicle group. By contrast, the DCS group showed a significantly higher freezing rate than the vehicle and PEPA groups. (c) Time course of freezing
rate (bin=60s) during the Reexposure and Test sessions. (d) The position of the tip of the cannula inserted into the amygdala for injection. The numbers
indicate the posterior coordinate from the bregma. Open circles indicate the vehicle group, closed circles the PEPA group, and shaded circles the DCS

group. Significant difference; *p <0.01.

administration timings for PEPA (-15min) and DCS
(-30 min), which were based on previous studies on the
action of PEPA on extinction learning (Zushida et al, 2007)
and the action of DCS on extinction learning and recon-
solidation (Walker et al, 2002; Lee et al, 2006), we examined
whether administration of vehicle with different timings
caused any differences in mouse freezing responses in
the Reexposure session and subsequent Test session
(Figure la). There was no significant difference (F<1,
two-way ANOVA, administration timing x session) in the
freezing rates between the two groups administered vehicle
15 or 30 min before the Reexposure session (see Figure 1b
for the mean freezing rate in the 3 min session and Figure 1c
for the time course, bin =60s, in the 3 min session). Based
on this result, vehicle-administration 15min before the
Reexposure session was used as the vehicle control for both
PEPA and DCS administrations (Figure 1d). Figure le
shows the freezing rates of mice during the Reexposure and
Test sessions. The freezing rates during the Reexposure
session were not significantly different among vehicle
(n=10), PEPA (n=10), and DCS (n=9) groups, suggesting
that initial retrieval of fear memory is not altered by either
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PEPA or DCS in this procedure (Figure le). However, two-
way ANOVA (drug x session) revealed a significant effect of
drug (F,,5,) = 3.25, p<0.05), a significant effect of session
(Fa,50=12.79, p<0.01), and a significant drug x session
interaction (F(ys,)=10.46, p<0.01). In the Test session, a
post hoc comparison indicated that the freezing rate in the
DCS group was significantly higher than those in the other
two groups (p<0.01 for DCS vs vehicle, p<0.01 for DCS vs
PEPA), and the freezing rate in the PEPA group was not
significantly different (p>0.05) from that in the vehicle
group (Figure le). Post hoc comparison also indicated that
the vehicle and PEPA groups showed significantly lower
freezing rates in the Test session than in the Reexposure
session (p <0.05 for vehicle, p<0.01 for PEPA), and that the
DCS group showed similar freezing rates in the Reexposure
and Test sessions (p>0.05). Within-session analysis also
revealed that the freezing rates in all groups were almost the
same during the Reexposure session (bin =60 s), but in the
Test session, the DCS group showed a persistently higher
freezing rate than the vehicle and PEPA groups (Figure 1f).

Although these results suggest that PEPA administered
15min before the Reexposure session does not increase
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Figure 4 Direct comparison of the actions of 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-phenoxyacetamide (PEPA) and p-cycloserine (DCS) on
extinction and reinstatement of contextually conditioned fear. (a) Experimental design of this experiment. Vehicle (Vehi) and PEPA were administered
I'5 min before the Extinction Training | session, and DCS was administered 30 min before the Extinction Training | session. (b) Freezing rates of some mice
used in () during the 30’ s immediately after the footshocks (0.8 mA, I 's, 8 X ). These mice were randomly assigned to administration of vehicle, PEPA, and
DCS (n= 6 each). (c, Extinction) Freezing rates of mice in the two Extinction Training sessions (vehicle, n= 1 1; PEPA, n=10; or DCS, n= 10). Both PEPA
and DCS administered, respectively, |5 and 30 min before Extinction Training |, facilitated fear extinction during Extinction Training | and Extinction Training
2 with similar efficacy. (c, Reinstatement) The freezing rates of mice in the Pre-reminder session and Test session. At 48 h after Training 2, the mice used in
‘Extinction” were reexposed to the context for 3 min (Pre-reminder session), and a footshock weaker than that used in the original conditioning (reminder
shock; 0.8 mA, I's, | x) was applied just after the Pre-reminder session. The reminder shock induced significant augmentation of the freezing rate in the
vehicle group, but not in the PEPA and DCS groups. (c) Time course of freezing rates (bin = 60's) during the two Extinction Training, Pre-reminder, and Test
sessions. Significant difference; *p <0.01.

freezing rate in a subsequent test, in contrast to the
increment induced by DCS, there remained a possibility
that the administration timing of 15min before the
Reexposure session was too short for PEPA to act on
reconsolidation (although PEPA was shown to facilitate
extinction learning in mice with this administration timing;
Zushida et al, 2007). To check this possibility, we carried
out a similar experiment, but with administration of PEPA

30min before the Reexposure session (Figure 1g). No
significant difference in freezing rate was observed between
the two groups administered PEPA (n=5) and vehicle
(n=7) 30 min before the Reexposure session (see Figure 1h
for the mean freezing rate in the 3 min session and Figure 1i
for the time course, bin=60s, in the 3 min session). Two-
way ANOVA (drug x session) revealed no significant effect
of drug (F< 1), no significant effect of session (F(; 20y = 3.48,
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Figure 5 The actions of 4-[2-(phenylsulfonylamino)ethylthio]-2,6-
difluoro-phenoxyacetamide (PEPA) and p-cycloserine (DCS) on reextinc-
tion of contextually conditioned fear. (a) Experimental design of this
experiment. The footshock of the same condition (0.8 mA, I's, 8 x ) was
applied to mice in conditioning sessions | and 2. Vehicle (Vehi, n=9) and
PEPA (n=10) were intraperitoneally administered |5 min before Extinc-
tion Training 2, and DCS (n = 10) was similarly administered 30 min before
Extinction Training 2. (b) Freezing rates of the mice during Extinction
Training | and Test | sessions for extinction of the first conditioning, and
during Extinction Training 2 and Test 2 sessions for extinction of the
second conditioning. Note that compared with vehicle neither PEPA nor
DCS induced a reduction in freezing rates in the Test 2 session.

p>0.05), and no significant drug X session interaction
(F<1). From this result, we concluded that PEPA
administered up to 30 min before the Reexposure session,
unlike DCS, did not increase freezing rates in the
subsequent Test session.

The higher freezing rate in the DCS group during the Test
session was thought to result from facilitation of reconso-
lidation on reexposure. To confirm this, we administered
PROP (10 mg/kg) to the DCS group immediately after the
Reexposure session (Figure 2a). PROP administered im-
mediately after reexposure inhibits fear memory reconso-
lidation, but not consolidation (Debiec and LeDoux, 2004).
Figure 2b shows the freezing rates (%) of mice administered
vehicle and subsequent saline, DCS and subsequent saline,
and DCS and subsequent PROP, during 3 min Reexposure
and Test sessions. The freezing rates during the Reexposure
session were not statistically different among vehicle-saline
(n=11), DCS-saline (n=10), and DCS-PROP (n=9)
groups (Figure 2b). Two-way ANOVA (drug x session)
revealed a significant effect of drug (F(ys4) =5.89,
p<0.01), a significant effect of session (F(js4=32.13,
p<0.01), and a significant drug X session interaction
(F2,52=8.11, p<0.01). In the Test session, a post hoc
comparison indicated that the DCS-saline group exhibited a
higher freezing rate than the vehicle-saline and DCS-PROP
groups (p <0.01 for DCS-saline vs vehicle-saline, p <0.01 for
DCS-saline vs DCS-PROP groups). On the other hand, there
was no significant difference (p>0.05) in freezing rates
between the DCS-PROP and the vehicle-saline groups
(Figure 2b). A post hoc test also indicated that the freezing
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rates of the vehicle-saline and DCS-PROP groups were
significantly lower in the Test session than in the
Reexposure session (p<0.01 for vehicle-saline, p <0.01 for
DCS-PROP). Within-session analysis (bin =60s) suggested
a lower freezing rate in the DCS-PROP group than in the
DCS-saline group in the Test session (Figure 2c). These
results suggest that the augmented fear response in the DCS
group was the result of facilitation of fear memory
reconsolidation, and that PEPA, unlike DCS, did not
facilitate the reconsolidation of fear memory.

Intra-Amygdala Administration of PEPA does not
Facilitate Fear Memory Reconsolidation

To obtain more direct evidence for the hypothesis that
PEPA does not act on reconsolidation, PEPA was bilaterally
injected into the amygdalae of mice and behavioral
experiments similar to those whose results are shown in
Figure 1 were performed. Vehicle, PEPA, or DCS (n=>5 for
each) was bilaterally injected into the amygdala 15min
before the Reexposure session through cannulae already
inserted into the amygdala (Figure 3a). This administration
timing was determined by a previous report on DCS
(Walker et al, 2002). The freezing rates of the mice in the
3 min Reexposure and Test are shown in Figure 3b. During
the Reexposure session, there were no significant differ-
ences in freezing rates among all three groups (Figure 3b).
Two-way ANOVA (drug x session) revealed a significant
effect of drug (F(;24)=6.01, p<0.01) and a significant
drug x session interaction (F(;,4)=7.45, p<0.01), but no
significant effect of session (F<1). A post hoc comparison
of results from the Test session indicated that the freezing
rates of mice injected with PEPA did not differ from those
of mice injected with vehicle alone (p>0.05 for PEPA vs
vehicle). By contrast, the freezing rates of mice injected with
DCS in the Test session were significantly higher than those
of mice injected with vehicle alone or PEPA (p<0.01 for
DCS vs vehicle, p<0.01 for DCS vs PEPA) (Figure 3b).
Within-session analysis also revealed that the freezing rates
in all groups were almost the same during the Reexposure
session (bin =60s), but in the Test session, the DCS group
showed persistently higher freezing rates than the vehicle
and PEPA groups (Figure 3c). Figure 3d shows the position
of the tip of the cannula inserted into the amygdala for
injection. These results suggest that PEPA, unlike DCS, has
no effect on reconsolidation when it was directly adminis-
tered into the amygdala.

Comparison of the Actions of PEPA and DCS on
Extinction of Contextual Conditioned Fear

Given the possibility that PEPA selectively affects extinction
and not reconsolidation, we directly compared the efficacies
of PEPA and DCS (both at 30mg/kg) at facilitating
extinction of contextual fear memory. Although these two
compounds are known to facilitate extinction, they have
never been compared in parallel in the same experiment.
For this purpose, PEPA and DCS were intraperitoneally
administered into conditioned mice 15 and 30 min before
the first extinction training (Extinction Training 1,
Figure 4a), respectively, and the freezing rates of mice were
measured during two long (6 min) reexposures (Extinction



Trainings 1 and 2 for extinction, Figure 4a). Similarly to the
reconsolidation experiments, we examined the influence of
vehicle administration with different timings (15 and 30 min
before Training 1) on the freezing rates of mice, and found
that there was no significant difference in freezing rate
between the two groups (Supplementary Figure S1). There-
fore, vehicle administration 15min before Extinction
Training 1 was used as the control (Figure 4a).

We also analyzed the freezing rates of mice during the
30s immediately after the footshocks (Figure 4b). This
analysis was carried out in some of the mice (n =6 for each
of vehicle, PEPA, and DCS) used in the experiment,
illustrated in Figure 4c, to check whether mice in three
groups randomly assigned to administration of vehicle,
PEPA, or DCS show similar levels of post-shock freezing (a
very short-term memory assessment of contextual fear
acquisition). As shown in Figure 4b, there was no significant
difference in the mean freezing rates among three groups
(F<1, one-way ANOVA).

Figure 4c (Extinction) shows the freezing rates of mice
administered vehicle (n=11), PEPA (n=10), or DCS
(n=10) during two 6 min extinction trainings. A two-way
ANOVA (drug x session) of extinction data from Extinction
Trainings 1 and 2 indicated significant effects of drug
(F56)=25.26, p<0.01) and session (F(;s6 =56.24,
p<0.01). A post hoc comparison revealed that, in both
Extinction Trainings 1 and 2, the PEPA and DCS groups
exhibited freezing rates significantly lower than that of the
vehicle group (p <0.01 for PEPA vs vehicle, p<0.01 for DCS
vs vehicle). On the other hand, there was no significant
difference in freezing rates between the PEPA and DCS
groups, in Extinction Training 1 or 2 (p>0.05). A post hoc
test also indicated that the freezing rate in each group was
significantly lower in Extinction Training 2 than in
Extinction Training 1 (p<0.01 for vehicle, PEPA, and
DCS, respectively). Within-session analysis (bin=60s)
revealed that the freezing rates in the PEPA and DCS
groups were lower than the rate in the vehicle group
throughout Extinction Trainings 1 and 2 (Figure 4c). These
results suggest that PEPA and DCS, at the doses used,
facilitate extinction with similar efficacies in our experi-
mental system.

PEPA and DCS Suppress the Reinstatement of
Contextual Conditioned Fear

The mice used above were subsequently used in a
reinstatement test (n=11, 10, and 10 for vehicle, PEPA,
and DCS, respectively). Reinstatement has been considered
to be a model for patients who reexhibit a fear response
when they encounter a weak aversive stimulus (Ledgerwood
et al, 2004). Because DCS is known to suppress the
emergence of the reinstatement of conditioned fear
(Ledgerwood et al, 2004), it is likely that examining the
action of PEPA on reinstatement would be informative for
the comparison of PEPA and DCS as extinction-facilitating
drugs. At 48h after Extinction Training 2, the mice were
again reexposed to the context for 3min (Pre-reminder
session, Figure 4a). At the end of the Pre-reminder session,
a weak electrical footshock (once, at the same amplitude
used in the original conditioning) was applied as a
‘reminder’; 24 h later, mice were reexposed to the context
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again to estimate reinstatement (Test session). The Pre-
reminder session was designed to estimate the freezing rates
of mice just before the reminder shock. Figure 4b
(Reinstatement) shows the freezing rates of the mice before
and after the reminder shock. A two-way ANOVA
(drug x session) of the results from the Pre-reminder
session and the Test session revealed a significant effect of
drug (F,56) =22.16, p<0.01), a significant effect of session
(F,56=57.99, p<0.01), and a significant drug x session
interaction (F, sy =10.35, p<0.01). A post hoc comparison
revealed no significant differences in freezing rates among
the three groups in the ‘Pre-reminder’ session (p>0.05;
Figure 4c). In the Test session, the freezing rates of the mice
in the vehicle group were significantly higher than those in
the other two groups (p <0.01 for both vehicle vs PEPA and
vehicle vs DCS, Figure 4c). In addition, post hoc analysis
suggested that the freezing rate of the vehicle group was
significantly higher in the Test session than in the Pre-
reminder session (p<0.01), but in the case of PEPA and
DCS groups, there was no significant difference in freezing
rate between the Pre-reminder session and the Test session
(p>0.05). Within-session analysis (bin =60 s) revealed that
the freezing rates in the PEPA and DCS groups were lower
than the rates in the vehicle group throughout the Test
session (Figure 4c). These results suggest that PEPA and
DCS suppressed the emergence of reinstatement in our
experimental system.

PEPA and DCS do not Facilitate Reextinction of
Contextual Conditioned Fear

It has been reported that DCS does not facilitate extinction a
second time when the second extinction training is
conducted using the same CS (light) (Langton and
Richardson, 2008). Therefore, it is likely that examining
the action of PEPA on reextinction would be informative for
the comparison of PEPA and DCS as extinction-facilitating
drugs. Figure 5 shows the effects of PEPA and DCS on
reextinction (time schedule of experiments in Figure 5a).
The mean freezing rates in the three groups of mice, which
were randomly divided, were almost identical during the
Extinction Training 1 and Test 1 sessions (Figure 5b). At
24h after the second conditioning, the mice in the three
groups were intraperitoneally administered vehicle (n=29),
PEPA (n=10), or DCS (n=10); they were then reexposed
to the context in Extinction Training 2 (Figure 5b) and the
subsequent Test 2. Two-way ANOVA (drug x session)
revealed a significant effect of session (F( s, =17.57,
p<0.01), but no significant effect of drug (F(,s, =1.07,
p>0.05) and no significant drug x session interaction
(F<1). A post hoc comparison indicated that the freezing
rates during Training 2 and test sessions were not
statistically different among all groups; that is, the PEPA
and DCS groups exhibited similar freezing rates to the
vehicle group (p>0.05 for both PEPA vs vehicle and DCS vs
vehicle). A post hoc test also indicated that the freezing rates
of the mice in the vehicle group were significantly reduced
in the Test 2 session compared with those in the Extinction
Training 2 session (p<0.05). The PEPA and DCS groups
exhibited freezing rates that were not statistically different
between the Extinction Training 2 and Test 2 sessions
(p>0.05 for both PEPA and DCS), unlike the case when
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drugs were administered before initial extinction training,
as shown in Figure 4c. These results suggest that PEPA and
DCS administered just before the second extinction
training did not facilitate reextinction of contextual
conditioned fear. The results of within-session analysis are
shown in the Supplementary information, which is available
at the Neuropsychopharmacology website (Supplementary
Figure S2).

DISCUSSION

The main finding in the present study is that intraperitoneal
administration of the AMPA potentiator PEPA facilitates
extinction of contextual fear without any detectable
influence on reconsolidation. Although reconsolidation
and extinction are thought to be distinct processes, a
compound that selectively acts on one of these processes
following systemic administration has not been reported.
The results of the present study demonstrate the existence
of such a compound, indicating that extinction and
reconsolidation can be pharmacologically discriminated.

As we reported previously, PEPA facilitates synaptic
responses in mPFC layer V pyramidal neurons much more
potently than those in BLA principal neurons and
hippocampus CA1l pyramidal neurons (Zushida et al,
2007). In particular, PEPA induces input-dependent popu-
lation firing only in the mPFC (Zushida et al, 2007). The
facilitating action of PEPA on extinction can be explained
by activation of the mPFC, which is one of the crucial
factors in consolidation and retrieval of extinction (Milad
and Quirk, 2002; Milad et al, 2004). A candidate molecular
basis for the more potent electrophysiological activity of
PEPA in the mPFC than in the BLA and CAIl is that the
relative expression level of GluR3-flop mRNA, an AMPA
receptor variant most vigorously potentiated by PEPA
(Sekiguchi et al, 1997), is higher in the mPFC than in the
BLA and CA1 (Zushida et al, 2007). The importance of the
BLA in the reconsolidation of fear memory has been shown
(Nader et al, 2000; Duvarci and Nader, 2004; Baldi et al,
2008), as mentioned in the Introduction, but participation
of the mPFC has not been. Therefore, one explanation for
the absence of an action of PEPA on reconsolidation in the
present study is that PEPA is not so active in strengthening
the BLA neuronal circuits necessary for reconsolidation.
This inactiveness may be explained by a lower expression
level of GluR3-flop in the BLA compared with the mPFC.
Our present data showing that even intra-amygdala
injection of PEPA does not enhance reconsolidation
supports this explanation.

In the present study, we used unconditioned stimuli (US;
footshock) with different strengths between the short
reexposure experiments for reconsolidation and long
reexposure experiments for extinction. This was performed
to induce either reconsolidation or extinction predomi-
nantly. However, it is thought that there is a condition in
which the US is able to effectively induce both reconsolida-
tion and extinction with a temporal difference (for review,
see Tronson and Taylor, 2007). Therefore, it should be
noted that whether PEPA exerts selectivity in reconsolida-
tion and extinction induced by the same US is still an open
question.
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Previous studies suggest that systemic administration of
AM404, an inhibitor of cannabinoid breakdown and
reuptake, enhances extinction of conditioned fear measured
with fear-potentiated startle in rats without changing the
expression of conditioned fear itself, and that systemic
administration of the CB1 cannabinoid receptor agonist
WIN55212-2 does not appear to affect this extinction
(Chhatwal et al, 2005). Furthermore, when administered
by intrahippocampal injection, the CB1 cannabinoid
receptor agonist anandamide blocks reconsolidation and
facilitates extinction of contextual fear measured with
freezing response in rats (De Oliveira Alvares et al, 2008),
and when administered by intra-amygdala injection,
WIN55212-2 blocks reconsolidation of fear memory mea-
sured with fear-potentiated startle (Lin et al, 2006).
Although not demonstrated yet, these reports imply the
possibility that particular compounds that act on the
cannabinoid system may selectively modulate either recon-
solidation or extinction following their systemic adminis-
tration. The identification of such selective compounds with
an action point distinct from PEPA may be informative for
the development of therapeutic drugs for anxiety disorders.

In a direct comparison of the effects of PEPA and DCS on
simple extinction learning, these compounds, at the same
dose (30mg/kg), exerted similar efficacies to facilitate
extinction of contextual fear. However, the present study
does not address whether PEPA can facilitate extinction of
fear memory associated with a CS other than context. DCS
is reported to enhance extinction of conditioned fear
memory formed by light or tone as a CS (Walker et al,
2002; Ledgerwood et al, 2003; Langton and Richardson,
2008). The dependency of the extinction-facilitating action
of PEPA on variety of conditioned stimuli should be
addressed for a better understanding of the action of PEPA
on extinction.

Reinstatement of fear is thought to be one phenomenon
indicating that extinction does not lead to an erasure of
original conditioned fear memory, but to new inhibitory
learning for the original fear memory (for a review, see
Myers and Davis, 2002). According to this interpretation,
PEPA suppresses reinstatement through a mechanism that
increases the strength of inhibitory association learning.
Another interpretation for suppressing reinstatement by
PEPA may be that dissociation of the original CS-US
association (unlearning) is enhanced as a secondary effect
induced by the facilitation of inhibitory learning (extinc-
tion). Notably, the suppression of reinstatement has also
been reported for AM404 (Chhatwal et al, 2005). Because
PEPA, DCS, and AM404 all suppress reinstatement in spite
of their distinct sites of action, AMPA receptors, NMDA
receptors, and the cannabinoid system, respectively, sup-
pressing reinstatement may be a common property of
extinction-facilitating compounds, regardless of their site of
action.

Reextinction describes the phenomenon in which the fear
response, which is reestablished by a further conditioning
session following the initial extinction session, is again
attenuated by reexposure to the original CS. One plausible
explanation for the absence of an action of PEPA on
reextinction is as follows. Several studies suggest that the
BLA is not required for reextinction (Laurent et al, 2008;
Laurent and Westbrook, 2008; Kim and Richardson, 2008).



Because PEPA activates the mPFC to facilitate the inhibition
of original association learning that is formed in the BLA,
in cases in which the BLA is not involved, the activation of
the mPFC by PEPA would become meaningless. The
absence of an action of PEPA on reextinction thus supports
the view that reextinction uses neuronal circuits distinct
from those used during initial extinction (Langton and
Richardson, 2008).

In summary, in the present study, we identified the
AMPA potentiator PEPA as a candidate extinction-facilitat-
ing compound with no effect on reconsolidation of
contextual fear memory. PEPA, as well as DCS, suppressed
reinstatement of fear memory, but did not influence
reextinction. Facilitation of reconsolidation is the most
undesired side effect of extinction-facilitating drugs when
they are used to enhance exposure therapy. Drug-induced
enhancement of exposure therapy for the treatment of
anxiety disorders could be improved by the development of
such extinction-specific therapeutic drugs.
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