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Facilitation of Extinction Learning for Contextual Fear
Memory by PEPA: A Potentiator of AMPA Receptors

Ko Zushida,' Mikako Sakurai,' Keiji Wada,:> and Masayuki Sekiguchi'>
'Department of Degenerative Neurological Diseases, National Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Tokyo 187-
8502, Japan, and 2Core Research for Evolutional Science and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama 322-0012, Japan

Contextual fear memory is attenuated by the re-exposure of mice to the context without aversive stimulus. This phenomenon is called
extinction. Here, we report that a potentiator of AMPA receptors, 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluorophenoxyacetamide
(PEPA), potently facilitates extinction learning in mice. C57BL/6] mice were exposed to novel context and stimulated by electrical
footshock. After 24 h (extinction training) and 72 h (extinction test), the mice were repeatedly exposed to the context without footshock
and the duration of their freezing response was measured. The duration of freezing response in the extinction test was consistently
shorter than the value in extinction training. Intraperitoneal injection of PEPA 15 min before extinction training remarkably reduced the
duration of freezing responses during the extinction training and test, compared with the vehicle-injected control mice. This action of
PEPA on extinction was dose-dependent and inhibited by NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo|[f]quinoxaline-7-
sulfonamide), an AMPA receptor antagonist. PEPA had no effect on acquisition and consolidation of fear memory itself. Electrophysio-
logical studies suggested that PEPA activates the neural network much more potently in the medial prefrontal cortex (mPFC) than in the
basolateral amygdala and hippocampal CALl field. Quantitative PCR studies suggested the pronounced expression of PEPA-preferring
AMPA receptor subunits (GluR3 and GluR4) and a splice variant (flop) in the mPFC. An intra-mPFC injection of PEPA facilitated the
extinction much more potently than an intra-amygdala injection of PEPA did. These results suggest that PEPA facilitates extinction

learning through AMPA receptor activation mainly in the mPFC.
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Introduction

Contextual conditioned fear is acquired in response to an aver-
sive stimulus such as electrical shock [unconditioned stimulus
(US)] that is loaded during exposure of mice to a conditioned
stimulus (CS), such as novel context. Re-exposure to the CS trig-
gers a conditioned response (CR) such as defensive freezing be-
havior (for review, see Fanselow 1998; LeDoux 2000; Davis and
Whalen, 2001; Maren 2001). However, if the CS is presented
without the US, the CR gradually declines. This phenomenon is
called “extinction” of conditioned fear memory (for review, see
Myers and Davis, 2002; Maren and Quirk 2004). It is thought that
extinction is a result of new learning that forms “inhibitory asso-
ciation” between the CS and the US, which suppresses the emer-
gence of the CR (Bouton et al., 1993; Berman and Dudai, 2001;
Bouton, 2002; for review, see Myers and Davis, 2002). Connec-
tions between the medial prefrontal cortex (mPFC) and the
amygdala are thought to be neural bases for extinction (Morgan
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etal., 1993; Morgan and LeDoux, 1995; Garcia et al., 1999, Quirk
et al., 2000; Rosenkranz and Grace, 2001; Quirk et al., 2003).

Studies using positron emission tomography show dysfunc-
tion of the medial and orbital PFC during provocation of post-
traumatic stress disorder (PTSD) symptoms (Bremner, 1999).
Given that the mPFC plays a crucial role in extinction, a drug that
could activate the mPFC has the potential to facilitate exposure-
based cognitive behavioral therapy (CBT) for psychiatric disor-
ders, such as PTSD, because CBT depends on the process of fear
extinction (for review, see Davis et al., 2006). D-Cycloserine, an
agonist and potentiator of the NMDA subtype of glutamate re-
ceptors, facilitates extinction learning for fear memory (Walker et
al., 2002). This compound is thought to facilitate inhibitory as-
sociation between the CS and US within the amygdala (Walker et
al., 2002; for review, see Davis et al., 2006). The AMPA receptor is
another major subtype of glutamate receptors and mediates fast
excitatory synaptic transmission in the majority of the central
glutamatergic synapses (Hestrin et al., 1990; Ozawa et al., 1991).
Each AMPA receptor subunit exists in flip and flop variants gen-
erated by alternative splicing, and their expression is regulated
both regionally and developmentally (Sommer et al., 1990). The
activation of AMPA receptors releases NMDA receptors from
voltage-dependent magnesium block (Mayer et al., 1984); the
role of AMPA receptors in extinction learning, however, is
obscure.

In the present study, we investigated the effects of 4-[2-(phenyl-
sulfonylamino)ethylthio]-2,6-difluorophenoxyacetamide
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(PEPA), a flop splice variant and GluR3/4-prefrerring potentia-
tor of AMPA receptors (Sekiguchi et al., 1997, 1998), on extinc-
tion learning. Potentiators for AMPA receptors are small chem-
ical compounds that enhance AMPA receptor channel activity by
modulating receptor kinetics such as desensitization and deacti-
vation [in the case of PEPA (Sekiguchi et al., 2002)]. Some of
these compounds reportedly enhance synaptic response by acting
on AMPA receptors [in the case of PEPA (Nakagawa etal., 1999)]
(for review, see O’Neill et al., 2004). Here, we found that PEPA
potently facilitates extinction learning through activation of
AMPA receptors mainly in the mPFC.

Materials and Methods

Animals. Male C57BL/6] mice were purchased from Clea (Tokyo, Japan)
and used in experiments after habituation to the environment of our
Institute’s animal center for 1 week. The mice were housed 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. The
mice were 8—12 weeks old at the beginning of experiments. The experi-
ments were performed in strict accordance with the regulations of the
National Institute of Neuroscience (Japan) for animal experiments.

Behavioral procedures. Contextual fear conditioning was performed
using the method reported previously (Takeda et al., 2003) with slight
modifications. Briefly, a mouse was introduced to the operation box
(20 X 20 cm bottom, 35 cm high, inside a soundproof box) with a
stainless grid floor. After 10 s, electrical footshock was delivered from the
grid for 360 s (1.3 mA; 1 s duration; 10 s interval; scrambled). The similar
stimulus condition, in particular, a condition where multiple electrical
shocks are given, is also used in the study to examine the involvement of
the mPFC in behavioral control against stress (Amat et al., 2005). Ten
seconds after the end of electrical shock, the mouse was removed from
the box and returned to his home cage. The behavior of the mouse was
recorded using a digital video camera on the ceiling of the soundproof
box. The illumination on the floor of the box was 230 lux. Complete
immobilization of the mouse, except for respiration, was regarded as the
freezing response (Blanchard and Blanchard, 1972). The freezing re-
sponse was scored as the total time the mouse spent in freezing during the
360 s test session. The total time the mouse spent in freezing during each
60 s of the 360 s test session was plotted for the time-course analysis. The
timing of exposure of mice to the operation box varied between experi-
ments and is described in Results. PEPA (Sigma, St. Louis, MO, or kindly
supplied from Nihonsuian, Japan) was dissolved into the vehicle consist-
ing of 0.45% NaCl and 33% (2-hydroxypropyl)-B-cyclodextrin, and in-
jected intraperitoneally (0.01 ml/g body weight) into the mice unless
otherwise noted. 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo|[f]quino-
xaline-7-sulfonamide (NBQX) disodium salt (Sigma) was dissolved in
saline (0.9% NaCl). The timing of the injection varied between experi-
ments and is described in Results.

Open-field tests were performed in an arena (a 50 X 50 cm white field
surrounded by a 40-cm-high white wall, illuminated with 80 lux) that
was placed in the same soundproof box described above. Mice were
placed at the periphery of the arena, and for 5 min the behavior of mice
was recorded into a computer using a digital video camera. Locomotion
and the time the mice spent at a perimeter (i.e., within 10 cm of the wall)
were calculated from this record by Image OF (O’Hara, Tokyo, Japan), a
modified software based on the public domain of NIH Image.

The hole-board test was performed using the method reported previ-
ously (Takeda et al., 1998) with slight modifications. The hole-board
apparatus (50 X 50 cm gray floor with four holes 3 cm in diameter,
equally spaced, and a 40 cm-high wall, illuminated with 170 lux) was
placed in the soundproof box. Mice were placed in the center of the hole
board, allowed to freely explore the apparatus for 5 min, and head-
dipping behavior was counted by monitoring the mouse behavior using
a digital video camera on the ceiling of the soundproof box.

Electrophysiology. Each male mouse (8 —12 weeks old) was anesthetized
with halothane and the brain was removed quickly. When recordings
were performed from the mPFC or basolateral amygdala (BLA), coronal
brain slices (300 wm thick) were prepared using a Vibratome 3000 (Vi-
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bratome, St. Louis, MO) in artificial CSF [ACSF; containing the follow-
ing (in mm): 125 NaCl, 4.4 KCI, 1.5 MgSO,, 1.0 NaH,PO,, 26 NaHCO,,
10 glucose, 2.5 CaCl,, pH 7.4, 290—-300 mOsm/1]. When recordings were
performed from the CA1 field, the hippocampus was isolated from the
brain and transverse slices (400 um thick) were prepared as described
previously (Nakagawa et al., 1999; Takamatsu et al., 2005) using a Vi-
bratome 3000 in a sucrose-based cutting solution [containing the follow-
ing (in mm): 234 sucrose, 25 KCl, 1.25 NaH,PO,, 10 MgSO,, 26
NaHCO;, 11 glucose, 0.5 CaCl,]. The slices were maintained at room
temperature in ACSF continuously bubbled with 95% O,/5% CO,. A
slice was transferred to the recording chamber and was continuously
perfused (3 ml/min) with ACSF maintained at 28 —=32°C. Somatic whole-
cell patch-clamp recordings were made with an EPC-9 (HEKA, Lambre-
cht/Pfalz, Germany) amplifier for the neurons identified using infrared
differential contrast videomicroscopy (Hamamatsu Photonics,
Hamamatsu, Japan) with an upright microscope (Axioscop; Zeiss,
Oberkochen, Germany). In the mPFC slices, the layer V pyramidal-
shaped neurons with thick primary apical dendrites toward the midline
direction were selected for the recording. The location of the recorded
neurons was verified using a brain atlas (Paxinos and Franklin, 2001) and
confirmed to be in the regions of the cingulate and prelimbic cortices.
The pyramidal-shaped neurons in the BLA and CA1 pyramidal layer
were selected for recording. In all three regions, the neurons that were
selected for recording showed the spike-frequency adaptation when su-
prathreshold depolarization pulses were applied. The patch electrodes
(6-10 MQ) were filled with solution containing the following (in mm):
132 K gluconate, 3 KCI, 10 HEPES, 0.5 EGTA, 1 MgCl,, 12 sodium
phosphocreatine, 3 ATP magnesium salt, 0.5 GTP, pH 7.4, with KOH,
285-290 mOsm/l. Because the reversal potential of GABA, receptor-
mediated synaptic currents was estimated between —75 and —85 mV
when this pipette solution was used, we used a holding potential of —80
mV in the whole-cell clamp mode to minimize the contribution of
GABA, currents in the synaptic response. The signal was digitized at 1
point/50 us and stored using Pulse/Pulsefit (HEKA). The resting mem-
brane potential of the cells used in the analysis was between —57 and —75
mV and the series resistance was 3—20 M{). Input resistance was contin-
uously monitored during recordings (every 30 s), and cells with a large
drift in the value (more than +15% from the initial value) were removed
from the analysis. Electrical stimulation was applied to elicit synaptic
currents through a metal bipolar electrode positioned on layer II
(mPFC), external capsule (BLA), or stratum radiatum on the border of
the CA2 and CA3 fields (CA1). The stimulation was performed with a
constant current mode (20—100 ws duration). All drugs used in electro-
physiological experiments were applied to slices by perfusion. PEPA was
dissolved in dimethylsulfoxide (DMSO) at 2, 10, 50, and 150 mM and
diluted with ACSF to prepare 2, 10, 50, and 150 uM solutions on the day
of use (the final DMSO concentration was 0.1%). Cyclothiazide (Sigma)
solution was prepared similarly. These drugs were applied for 10 min
during continuous monitoring of synaptic currents (interstimulus inter-
val, 30 s). The 5-10 responses just before the application, during minutes
5-10 from the start of the application and after the application, were
respectively averaged, and these traces were compared. To assess the
effects of PEPA, we measured the area under the baseline (AUB; ms/pA)
using AxoGraph version 3 (Molecular Devices, Union City, CA), and the
effect was expressed as an “AUB ratio,” which was obtained by dividing
the AUB value during the application of PEPA by the value before the
application of PEPA. Other chemicals, including CNQX, were purchased
from Sigma.

Quantitative PCR. To isolate RNA from the mPFC, we first prepared
coronal brain slices (300 pm thickness) including the mPFC (near the
bregma +2.3 mm level). The region of the mPFC (mainly consisting of
the prelimbic, medial orbital, and cingulate cortices) was manually iso-
lated from slices under a stereoscopic microscope during which the slices
were incubated in ACSF continuously bubbled with 95% O,/5% CO,. In
the case of the amygdala, we also prepared similar brain slices includ-
ing the BLA (near the bregma —1.7 mm level). The delta region lying
between the external capsule (mainly consisting of the BLA and LA) was
cutoff from the slices and was saved for isolation of RNA. For the hip-
pocampus, it was isolated from the brain, and transverse slices (400 wm
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thickness) were prepared. These slices used for the RNA isolation with-
out additional microdissection. Two to three slices were combined per
each region, and total RNAs were prepared from this combined tissue
sample using a Mini RNA isolation kit (Zymo Research, Orange, CA).
The RNA solutions were treated with RNase-free DNase 1 (Ambion,
Austin, TX) to digest contaminated DNA. After inactivation of DNase I,
single-strand cDNA synthesis was performed using the Superscript II
c¢DNA synthesis kit (Invitrogen, Gaithersburg, MD) with oligo(dT),, ;4
primers. This single-strand cDNA sample was used in quantitative PCR
after digestion of RNA with RNase H. Quantitative PCR was performed
with an Applied Biosystems (Foster City, CA) 7700 real-time PCR unit
using the SYBR green premix and a primer set specific for each gene.
B-actin sequence was used as an internal standard. The primer sets used
to detect each gene are listed in supplemental Table 1 (available at ww-
w.jneurosci.org as supplemental material). The amplification efficiencies
of GluR gene fragments by these eight primer sets were confirmed to be
almost identical by checking the efficiency with a known concentration
of template plasmid carrying each GluR gene fragment (including the
amplification region). Also, the absence of any detectable cross-reactivity
was confirmed by performing PCR, for example, using a flop-specific
primer set and a plasmid carrying a fragment for a flip variant. The ACt
value (Ct value of GluR-amplification minus the Ct value of B-actin
amplification in the same sample) was calculated in each sample, and the
relative expression of GluR to B-actin was expressed as a 2~ value.
The percentage of a flop variant was calculated, for example in the case of
GluRl1, by dividing the 2 74 value for GluR1-flop by the sum of those
values for GluR1-flip and GluR1-flop.

Microinjection. Each male mouse (812 weeks old) was anesthetized
with pentobarbital (50 mg/kg, i.p.) and affixed to the brain stereotaxic
apparatus (Narishige Instruments, Tokyo, Japan). In the case of the
mPFC injection, a single stainless-steel guide cannula (Eicom, Kyoto,
Japan) was impaled into the brain so that its tip was positioned near the
mPFC (anteroposterior, 2.10 mm from bregma; lateral, 0 mm; ventral,
—1.71 mm). In the case of the amygdala injection, the guide cannulas
were bilaterally impaled (anteroposterior, —1.22 mm from bregma; lat-
eral =2.83 mm; ventral, —4.00 mm). The cannulas were held in place
with acrylic dental cement. A dummy cannula was inserted into the guide
cannula to prevent clogging. Microinjection (0.2 ul per one individual)
of PEPA (0.1 ug/ul) or vehicle (ACSF) was performed on day 2 or 3 after
surgery. For microinjection, the dummy cannula was removed from the
guide cannula, and a 28 gauge injection cannula, extending 0.5 mm from
the tip of the guide cannula, was inserted under anesthesia with diethyl
ether. The injection cannula was connected via Teflon tubing to a micro
syringe (Hamilton Company, Reno, NV) driven by a micro infusion
pump (WPI, Sarasota, FL). The injection rate was 0.05 ul/min. The in-
jection cannula was left in position for an additional 2 min before with-
drawal. Extinction training was performed 30 min after injection. After
the behavioral test, mice were anesthetized with halothane and microin-
jected into the mPFC with 0.2 ul of bromophenol blue. The brain was
isolated and sectioned (400 and 120 um for the mPFC and amygdala,
respectively) using a Vibratome 3000. Cannula location was assessed
under a light microscope.

Statistical analysis. The statistical significance of differences among
data groups was assessed using one-way measure ANOVA with Bonfer-
roni/Dunn post hoc analysis or using the two-tailed Student’s  test.

Results

PEPA injected before extinction training facilitates extinction
learning for fear memory

First, we investigated the effects of PEPA on the extinction of fear
memory. For this purpose, mice were trained to form contextual
fear memory by loading electrical footshock in an operation box.
At 24 h postconditioning, mice were re-exposed to the operation
box for 360 s without footshock. In the present study, we called
this first re-exposure “extinction training” (Fig. 1A). Mice were
injected with PEPA (3, 10, and 30 mg/kg, i.p.) or vehicle 15 min
before this extinction training (Fig. 1 A). The vehicle-treated con-
trol mice displayed a severe freezing response during extinction
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training (Fig. 1B). Injection of PEPA reduced the duration of
freezing in a dose-dependent manner (Fig. 1B), but statistical
significance was obtained only in mice injected with 30 mg/kg
PEPA [161.3 * 16.8 s (n = 11), against the control value of
238.5 = 15.8 s (n = 9); p = 0.002; Bonferroni/Dunn test]. After
this extinction training, mice were returned to their home cage; at
72 h after the initial conditioning, they were again exposed to the
operation box (without footshock). We called this second re-
exposure the “extinction test” (Fig. 1A). The duration of the
freezing response in this extinction test was significantly shorter
in all four groups when compared with the respective values mea-
sured during extinction training (Fig. 1C) (p < 0.001 in the
control and in mice injected with 3 or 30 mg/kg PEPA, and p =
0.007 in mice injected with 10 mg/kg PEPA; Bonferroni/Dunn
test), suggesting that our experimental protocol could detect the
extinction of fear memory. In mice injected with 30 mg/kg PEPA,
the duration of the freezing response was 74.0 = 6.8 s (n = 11),
which differed significantly (p < 0.001, Bonferroni/Dunn test)
from that measured for control mice (162.2 = 13.0s,n = 9) in the
extinction test (Fig. 1C). Moreover, when compared with the
control group, the reduction in the duration of the freezing re-
sponse from extinction training to the extinction test did not
change in mice injected with 3 or 10 mg/kg PEPA, but the reduc-
tion was highly significant in mice injected with 30 mg/kg PEPA
(Fig. 1D) (n = 11; p = 0.005, Bonferroni/Dunn test). These
results suggest that injection of 30 mg/kg PEPA 15 min before the
extinction training facilitates the formation and subsequent de-
velopment of extinction learning. This effect of PEPA depended
on the extinction training because the effect of PEPA was not
detected in the extinction test when the extinction training was
omitted (Fig. 1E,F) [p = 0.969; vehicle (V) vs PEPA, n = 10].
This result suggests that PEPA during the extinction training is
required for its action.

PEPA does not inhibit the initial retrieval of fear memory
during extinction training

It has been reported that extinction learning is triggered by re-
trieval of fear memory (Ouyang and Thomas, 2005). Thus, we
tested whether PEPA suppresses retrieval of fear memory. For
this purpose, we analyzed the time course of freezing response
when mice were exposed to the operation box during extinction
training. PEPA was injected 15 min before extinction training,
and the duration of freezing response was measured every 60 s
during extinction training. The duration did not differ signifi-
cantly for the initial two bins ( p = 0.746 and 0.074 for bins 1 and
2, respectively) (Fig. 1G) between control and 30 mg/kg PEPA-
injected mice. However, the duration was markedly shorter for
PEPA-injected mice after the third bin (bins 3-5) (Fig. 1G), and
the values for bins 3—5 were significantly smaller for the PEPA-
injected mice (p = 0.002, 0.002, and 0.001, respectively, two-
tailed Student’s t test). In contrast, the pattern of the time course
of freezing response was completely different in the case of the
extinction test (Fig. 1 H). The duration of freezing response for
the PEPA-injected mice was significantly shorter at each time
point compared with control mice ( p < 0.02 for all points) (Fig.
1 H). These results suggest that PEPA does not inhibit initial re-
trieval of fear memory.

The effect of PEPA on extinction learning is mediated by
AMPA receptors

We tested whether the effect of PEPA on extinction learning is
mediated by AMPA receptors. For this purpose, mice were in-
jected with NBQX (1 mg/kg, s.c.), an antagonist of AMPA recep-
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respectively, Bonferroni/Dunn test) (Fig.
2 B). These results were similar to those in
Figure 1. The NBQX/PEPA-injected mice,
however, displayed a significantly longer
freezing response than saline/PEPA-
injected mice (p = 0.004 and 0.001 for
training and test, respectively, Bonferroni/

B . . C . . D Dunn test), and the values were compara-
EXtII’?C_tIOﬂ Extinction ble with those of control mice. The freez-
300 training 300 test "E’ 100 ing response of NBQX/vehicle-injected
@ » = mice did not differ significantly from
§250— = 250 2 80 saline/vehicle-injected mice (p = 0.614
~ —_ 0 _ N and 0.784 for training and test, respec-
83200 x ;200 92’ 60— * tively, Bonferroni/Dunn test). These re-
'~ 150 €150 - sults suggest that pretreatment with
§ 4 = 40 NBQX antagonizes the action of PEPA on

w 100 & 100 £ extinction learning.

3}
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50 50 b 20 PEPA does not influence locomotion
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V 31030 V310 30 vV 31030 Because augmented locomotion may be
PEPA (mg/kg) PEPA (mg/kg) PEPA (mg/kg) ©one of the indirect factors that attenuate
freezing behavior, we examined whether
E G PEPA stimulates locomotion. Mouse loco-
- 601 motion was measured in an open-field
Condi- 24h  48h Q 50 arena for 5 min, and 30 mg/kg PEPA was
tioning_’ —PpTest < 40— injected 15 min before the test. The loco-
? 230 motion, as assessed by the total distance
N 20 — O . the mouse traveled for 5 min, did not differ
F PEPA § ?g_ . Viehicla between control and PEPA-injected
300 = 0- PEPA (30 mg/kg) groups (Fig. 3A). In addition, because any
! I ! ' ! I ) compound that changes the anxiety state
& 250 1 2 3 4 > 6bin  of mice may be difficult to assess with re-
© 200- H spect to its true effect on the inhibitory
~ o 60 O=-Vehicle learning process (Bouton et al., 1990) (but
o 150 S 50+ @— PEPA (30 mg/k see Castellano and McGaugh 1990), we
E ~ 40 mg/kg) tested the effect of PEPA on mouse behav-
$ 100 230 iors, namely thigmotaxis and head dip-
& 50— .g 20 X + ping, that are sensitive to anxiolytic drugs
o 10— such as benzodiazepines (Takeda et al.,
0 o 0- 1998; Kong et al., 2006). Thigmotaxis is a
V PEPA ' ' ' ' ' - characteristic of walking close to the walls
(30 mg/kg) 1 2 3 4 S 6 b \hen a mouse is placed in an open-field
arena (for review, see Prut and Belzung,
Figure 1. PEPA facilitates extinction learning. A, Experimental design for B-D. Mice were trained for the contextual fear (03, Head-dipping is an exploratory be-

conditioning and tested 24 h (extinction training) and 72 h (extinction test) later. PEPA or vehicle (V) was injected (i.p.) 15 min
before extinction training. B, C, Dose-dependent reduction of freezing time during extinction training (B) and extinction test (C).
Data represent mean + SEM (n = 911 for each group). D, Reduction in freezing time between the extinction training and
extinction test based on the data in B and C. E, Experimental design for F. Mice were trained for the contextual fear conditioning
and tested 72 h later (test) without extinction training. PEPA or vehicle were injected 24 h after conditioning. F, PEPA did not
reduce freezing time in the test when extinction training was skipped (n = 10 each). *Statistically significant ( p = 0.002vs Vin
B;p<<0.001vsVinC andp = 0.005vs Vin D, Bonferroni/Dunn test). G, H, Changes in freezing time during the 360 s extinction
training (G) and test () in groups injected with PEPA (30 mg/kg, n = 11) or vehicle (n = 9). Data used in Band Cwere reanalyzed
for the time course of changes in freezing time (bin = 60 s). *Statistically significant ( p = 0.002, 0.002, and 0.001 for bins 3-5,

respectively, vs Vin G, and p << 0.02 for all vs V in H, two-tailed Student’s ¢ test).

tors, 60 min before PEPA injection, and the extinction training
and test were performed (Fig. 2A). We similarly injected saline
(subcutaneously) as the control for NBQX treatment. The timing
of injection and concentration of NBQX were determined by
referring to a previous report (Lu and Wehner, 1997). The saline/
PEPA-injected mice displayed a significantly shorter freezing
time than saline/vehicle-injected mice in both the extinction
training and test ( p < 0.001 and p = 0.002 for training and test,

havior in which a mouse inserts its head
into a hole prepared in an open-filed arena
(Takeda et al., 1998). We compared these
behaviors between mice injected with
PEPA (30 mg/kg) or vehicle and found
that the percentage of the time that mice
spent at the perimeter in an open-field test
(Fig. 3B) and the number of head-dipping
behaviors in a hole-board test (Fig. 3C)
were almost identical between PEPA- and
vehicle-injected mice. These results suggest that PEPA does not
induce detectable changes in locomotion or in the anxiety state of
mice.

Neural circuit activation by PEPA is more potent in the mPFC
than in the BLA and hippocampal CA1 field

We attempted to specify the brain region that is important for the
effect of PEPA on extinction learning. As mentioned earlier, the
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Figure 2.  The effect of PEPA on extinction learning is mediated by AMPA receptors. 4, Ex-
perimental design. Mice were injected with saline (SA) or NBQX (NB, 1 mg/kg, s.c.) 60 min
before vehicle (V) or PEPA (P; 30 mg/kg) injection (i.p.) and extinction training and testing were
performed. B, NBQX antagonizes the effect of PEPA on extinction learning. *Statistically signif-
icant (p <<0.001 and p = 0.002 vs SA/V in extinction training and test, respectively, Bonfer-
roni/Dunn test; *p = 0.004 and 0.001 vs SA/P in extinction training and test, respectively,
Bonferroni/Dunn test). Error bars indicate + SEM.
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Figure 3.  PEPA does not influence locomotion and anxiolytic drug-sensitive behavior. Mice

wereinjected (i.p.) with vehicle (V) or PEPA (P; 30 mg/kg) 15 min before the open-field test and
hole-board test. 4, B, (, Locomotion assessed by total distance that mice traveled for 5 min (4),
the percentage of time that the mice spent in the perimeter of the open-field (B), and the
number of head-dipping behaviors in the hole-board test (C). None of the values differed sig-
nificantly between the groups injected with vehicle (n = 6 for all tests) or PEPA (n = 7 for all
tests). Error bars indicate + SEM.

neural circuit consisting of the BLA, the hippocampus CA1/sub-
iculum, and the mPFC is thought to be the main structure im-
portant for extinction learning of contextual fear memory. Thus,
we tested the effect of PEPA on the synaptic response recorded
from neurons in brain slices prepared from mouse mPFC, BLA,
and hippocampal CAL field.
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Figure 4 A shows synaptic currents recorded from layer V py-
ramidal cells in response to electrical stimulation of the mPFC
layer II in mouse brain slices. Two types of synaptic current mod-
ulation were recorded when PEPA (50 uM) was applied to the
slices. One was a simple augmentation of the synaptic currents,
which we called type I modulation (Fig. 4A, mPFC type I). The
AUB ratio of this type of modulation by PEPA was 1.25-2.26, and
this type of modulation was observed in 11 of 17 cells recorded
(65%). The other type involved potent epileptiform activity with
long latency, which we called type I modulation (Fig. 4 A, mPFC
type II). Type II modulation was observed in 5 of 17 cells tested
(29%). The epileptiform activity was not generated by the perfu-
sion of PEPA alone without electrical stimulation of layer II, sug-
gesting that this activity is elicited by synaptic activation. Appli-
cation of AMPA receptor antagonist, CNQX (20 uM), completely
abolished the epileptiform activity, as well as the initial small
synaptic response, in cells showing type II modulation (Fig. 4A,
mPFC type II), suggesting that AMPA receptors participated in
the generation of the epileptiform activity. We defined the cases
in which the AUB ratio was <1.1 as “no modulation” (NM), in
which no obvious change in the current responses was evident. In
the mPFC, 1 of 17 cells recorded was found to have NM. Aug-
mentation of the synaptic currents by PEPA was dose dependent
(Fig. 4B) in cells showing type I modulation, and 50 um PEPA
yielded a mean AUB ratio of 1.56 = 0.11 (n = 11).

Figure 4C shows synaptic currents recorded from BLA pyra-
midal cells in response to electrical stimulation of the external
capsule in mouse brain slices. When PEPA (50 M) was applied to
the slices, 11 of the 13 cases tested (85%) were found to have NM
(AUB ratio, 0.91-1.09) (Fig. 4C, BLA NM). The remaining two
cells (15%) exhibited the simple augmentation of the synaptic
response (AUB ratio, 1.58 and 1.81), which is similar to type I
modulation in the mPFC (Fig. 4C, BLA type I). In no case did
PEPA cause the epileptiform activity.

Figure 4 D shows synaptic currents recorded from neurons in
the CA1 pyramidal layer in response to electrical stimulation of
the stratum radiatum in mouse hippocampal slices. When PEPA
(50 wm) was applied to the slices, 9 of the 12 cases tested (75%)
were found to have NM (AUB ratio, 0.88-1.09) (Fig. 4D, CAl
NM). The remaining three cells (25%) exhibited the simple aug-
mentation of the synaptic response (AUB ratio, 1.44, 2.11, and
2.92), which is similar to type  modulation in the mPFC (Fig. 4D,
CAl-typel). In no case did PEPA cause the epileptiform activity.
We applied cyclothiazide (CYZ), a flip splice variant-preferring
potentiator of AMPA receptors (Partin et al., 1994), to the three
cells that were found to have NM. Typical results are illustrated in
Figure 4D (NM-CYZ); the application of CYZ very potently en-
hanced synaptic currents in these cells.

Figure 4 E summarizes the effect of PEPA on synaptic currents
in the three brain regions. PEPA showed much higher potency on
synaptic currents in the mPFC than in the BLA and CAl. In
particular, PEPA characteristically elicited epileptiform activity
only in the mPFC. These electrophysiological data suggest that
neural circuit activation by PEPA is more potent in the mPFC
than in the BLA and hippocampal CAL1 field.

Quantitative PCR analysis of AMPA receptor

mRNA expression

As mentioned above, PEPA preferentially acts on flop variants
and GluR3/4 subunits (Sekiguchi et al., 1997, 2002). In contrast,
CYZ preferentially acts on flip variants (Partin et al., 1994). The
potent augmentation by CYZ of synaptic currents that are insen-
sitive to PEPA prompted us to hypothesize that AMPA receptors
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level of GluR3/4 in the mPFC. In the case
of the amygdala, however, the expression
level of GluR4 was not significantly differ-
ent from the mPFC and the difference in
the expression level of GluR3 was not so
remarkable as the case of the hippocam-
pus. Thus, we compared the relative ex-
pression of flop variants between the
mPFC and amygdala. As Figure 5B shows,
the percentage of the flop variant in all
subunits was higher in the mPFC than in
the amygdala ( p < 0.001 for GluR1, p =
0.006 for GluR2, p = 0.009 for GluR3, and
p = 0.012 for GluR4, two-tailed Student’s
test; data for four mice). Because PEPA
preferentially acts on flop variants com-
pared with flip variants, it is possible that
more abundant expression of flop variants
in the mPFC than in the amygdala contrib-
utes to the higher activity of PEPA in the
mPFC than the BLA.

Intra-mPFC injection of PEPA
facilitates extinction learning

The electrophysiological results obtained
above suggested the strong participation
of the mPFC in facilitating the action of
PEPA on extinction learning. To confirm
this, we microinjected PEPA into the
mPFC of fear-conditioned mice and per-
formed extinction training and testing
(Fig. 6A). For comparison, we also con-
ducted bilateral microinjection of PEPA
into the amygdala (Fig. 6 A) using a similar
number of mice and the same concentra-
tion of PEPA. We could not observe any
abnormal behaviors such as seizures in ei-
ther of the mice injected with PEPA into
the mPFC or amygdala. The location of the
tip of injection cannulas in the mPFC is
indicated in Figure 6B, and C shows the
duration of freezing response of mice mi-
croinjected with vehicle or PEPA (0.02 ug)
into the mPFC. The PEPA-injected mice

in the mPFC have subunit and splice variant compositions that
are particularly sensitive to PEPA, which would explain why
PEPA preferentially activates neural circuits in the mPFC. In-
deed, it is reported that GluR3-flop, one of PEPA-preferring sub-
units, is relatively abundantly expressed in the rat PEC when
compared with GluR1-flip, GluR1-flop, and GluR3-flip (Stine et
al., 2001). To test this idea, we performed quantitative PCR for
RNA samples prepared from mouse mPFC, the amygdala (in-
cluding the BLA), and the hippocampus.

Figure 5A shows normalized expression levels of each AMPA
receptor subunit in the three brain regions tested. The expression
level of GluR3 was significantly higher in the mPFC than in the
amygdala and hippocampus ( p = 0.017 vs the amygdala, and p <
0.001 vs the hippocampus, two-tailed Student’s ¢ test). The ex-
pression level of GluR4 was significantly higher in the mPFC than
in the hippocampus ( p < 0.001, two-tailed Student’s ¢ test). Be-
cause PEPA prefers GluR3/4, it is possible that the higher electro-
physiological activity of PEPA in the mPFC compared with the
hippocampus is attributable to the higher relative expression

(n = 5) showed significantly shorter freezing time than the
vehicle-injected mice (n = 6) both in the extinction training and
test (p = 0.004 and 0.029, respectively, two-tailed Student’s ¢
test). In both the extinction training and test, the reduction of
freezing time by PEPA was similar between intraperitoneal injec-
tion of 30 mg/kg PEPA (Fig. 1B,C) and intra-mPFC injection
(32.4% for i.p. and 32.3% for intra-PFC in extinction training;
54.4% for i.p. and 60.7% for intra-mPFC in the extinction test).
Figure 6, D and E, shows the time course of freezing response of
mice received intra-mPFC injection in the extinction training
and test, respectively. The patterns of the time course were almost
similar to those obtained in intraperitoneal injection (Fig. 1G,H).
In contrast, the intra-amygdala injection of PEPA (Fig. 6 F for the
cannula location) did not significantly change the freezing time
in either extinction training or extinction test when compared
with vehicle-injected mice (Fig. 6G) [p = 0.120 and 0.250,
vehicle-injected group (n = 5) vs PEPA-injected group (n = 6) in
extinction training and extinction test, respectively, two-tailed
Student’s t test]. However, although not significant, mice injected
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with PEPA into the amygdala showed
shorter freezing time in mean both in ex-

>

tinction training and the extinction test 207 R1
(Fig. 6G). Therefore, these results suggest =
that PEPA induces more potent facilita- X T
tion of extinction with injection into the 5§15 I
mPFC than injection into the amygdala. §
Discussion 210
The main finding of our present study is s
that extinction learning for contextual fear € s
memory is facilitated by PEPA, a potenti- 0
ator of AMPA receptors (Fig. 1). This fa- g
cilitation occurs through AMPA receptors g 0+ UL
(Fig. 2) without preventing initial fear & ?xﬁk‘?gq
memory retrieval (Fig. 1). PEPA does not B ¢
affect locomotion or anxiolytic drug- R1
sensitive behavior of mice (Fig. 3). We also 501
found that PEPA somewhat selectively and
potently activates circuit activity in the 40— *
mPFC (Fig. 4), and that an intra-mPFC e
injection of PEPA facilitates extinction § 30
much more potently than an intra- o
amygdala injection (Fig. 6), suggesting :—2 20
that the mPFC is a major site in which
PEPA acts to facilitate fear extinction. 10

The amygdala and hippocampus play a
central role in forming contextual fear _
memory (for review, see LeDoux, 2000; 0 <<(, \);\
Maren, 2001). The information flow from ((\Q »
the hippocampus CA1 field or subiculum
to the BLA followed by that from the BLA  Figure5.

to central amygdala (CeA) is thought to be
necessary for contextual fear memory for-
mation (Maren and Fanselow, 1995; for
review, see LeDoux, 2000; Maren, 2001).
The projection from CeA to the periaque-
ductal gray matter (PAG) is critical for the
freezing response (LeDoux et al., 1988). In contrast, the excita-
tory projections from the mPFC to the amygdala play a critical
role in extinction learning (Morgan et al., 1993; Morgan and
LeDoux, 1995; Garcia et al., 1999; Quirk et al., 2000, 2003; Rosen-
kranz and Grace, 2001). There are two models on the mechanism
underlying extinction by the projection (for review, see Sotres-
Bayon et al., 2004). One is a model that the excitatory projection
elicits feedforward inhibition for BLA principal neurons via BLA
inhibitory interneurons (Rosenkranz and Grace, 2001), and an-
other is a model that the projection elicits feedforward inhibition
for CeA projection neurons via inhibitory neurons in the inter-
calated cell masses (Quirk et al., 2003). These inhibitions attenu-
ate activation of CeA projection neurons, which suppress the
CeA-PAG pathways to decrease the freezing response (for review,
see Sotres-Bayon et al., 2004). Our present finding that a drug
that potently activates the neuronal circuits in the mPFC facili-
tates extinction learning is in agreement with this significant role
of the mPFC in extinction learning. In particular, it is character-
istic that PEPA selectively elicits epileptiform activity in the
mPFC. The generation of this type of activity increases spike
firings, and the robust increment in spike firings in the infralim-
bic region of the mPFC reportedly occurs in response to re-
exposure of rats to the CS (Milad and Quirk, 2002). Therefore, it
is possible that PEPA facilitates extinction learning by enhancing
the generation of epileptiform activity in the mPFC. This specu-
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Quantitative PCR analysis of the expression of AMPA receptor mRNA. 4, Expression levels of AMPA receptor subunit
(GluR1-4) mRNAs in the mPFC, amygdala (AMY), and hippocampus (HIPP). The values were normalized to the value obtained for
B-actin mRNA. n = 4for mPFC and HIPP, and = 3 for AMY. * *Statistically significant (*p =
HIPPinR3, *p << 0.001vs HIPPin R4, two-tailed Student’s ttest). B, Percentage of flop variant mRNAs in GluR1— 4 subunits in the
mPFCand amygdala. n = 8 and 7 for mPFCand AMY, respectively. *Statistically significant ( p < 0.001, p = 0.006, p = 0.009,
and p = 0.012 vs AMY in R1, R2, R3, and R4, respectively). Error bars indicate + SEM.

0.017 vs AMY and *p << 0.001vs

lation is favored by previous reports which suggest no effect of
intra-amygdala infusion of AMPA receptor antagonists on ex-
tinction (Falls et al., 1992; Lin et al., 2003). Extinction learning is
triggered by retrieval of fear memory in response to the context
presentation (Ouyang and Thomas, 2005), and the hippocampus
CALl field may be critical for contextual fear memory retrieval
(Hall et al., 2001). Our result that PEPA does not prevent initial
fear memory retrieval (Fig. 1G) can be explained by the low abun-
dance of PEPA-sensitive neurons in the CA1 pyramidal cell layer.

Two factors can be pointed out for the relatively selective ac-
tivation of the mPFC by PEPA. One is the relatively abundant
expression of PEPA-preferring AMPA receptor subunits and
splice variants in the mPFC, as shown by quantitative PCR (Fig.
5). The subunit and splice variant composition of AMPA recep-
tors depends on the expression level of the subunits and variants
in a cell. The expression of the GluR3/4 subunits, which are pre-
ferred by PEPA, is higher in the mPFC than in the hippocampus,
and the expression of flop variants, which are preferred by PEPA,
is higher in the mPFC than in the amygdala and, thus, it is rea-
sonable to assume that PEPA-preferring AMPA receptors are
much more abundant in the mPFC than in the CAl-field and
amygdala. The potentiation of AMPA receptors by PEPA would
be more pronounced under such conditions. Another factor un-
derlying the relatively selective activation of the mPFC by PEPA is
the specificity of neural circuits in the mPFC. It has been reported
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Figure 6.  Intra-mPFCinjection of PEPA (0.02 r.g) 30 min before extinction training facili-

tates extinction learning. A, Experimental design. Mice were trained for the contextual fear
conditioning and tested 24 h (extinction training) and 72 h (extinction test) later. PEPA or
vehicle (V) were microinjected into the mPFC or amygdala 30 min before extinction training. B,
Location of the injection cannulas within the mPFC. Open circles, Vehicle; shaded circles, PEPA.
C, Freezing time of mice microinjected with vehicle (n = 6) or PEPA (n = 5) into the mPFCin
extinction training and test. *Statistically significant ( p = 0.004 and 0.029 vs V in extinction
training and test, respectively, two-tailed Student's t test). D, E, Changes in freezing time during
the 360 s extinction training (D) and test (E) in groups injected with vehicle or PEPA. Data used
in Cwere reanalyzed for the time course of changes in freezing time (bin = 60's). *Statistically
significant ( p = 0.004, 0.017,0.027, and 0.014 for bins 2—5, respectively, vs Vin D, and p <
0.04 forallvs Vin H, two-tailed Student's t test). F, Location of the injection cannulas within the
amygdala. Open circles, vehicle; shaded circles, PEPA. G, Freezing time of mice microinjected
with vehicle (n = 6) or PEPA (n = 5) into the amygdala in extinction training and test. The
values in vehicle- and PEPA-injected groups are not significantly different in either extinction
training or extinction test ( p = 0.120 and 0.250 in extinction training and test, respectively,
two-tailed Student’s t test). Error bars indicate + SEM.

that layer V pyramidal neurons in the mPFC form a specific
microcircuit (Wang et al., 2006). Specifically, 12% of the layer V
pyramidal neurons form recurrent connections with other layer
V pyramidal neurons, and 47% of the recurrent connections are
reciprocal. In the hippocampus CA1 field, only 1% of the pyra-
midal cells form recurrent connections with each other (Deu-
chars and Thomson, 1996). The abundant recurrent connections
among layer V pyramidal neurons can thus elicit population fir-
ings of connected pyramidal neurons in response to excitatory
inputs. Under this condition, the PEPA-mediated enhancement
of excitatory synaptic responses in layer V pyramidal neurons
would increase the proportion of neurons that generate action
potentials, which facilitates population firings through the acti-
vation of recurrent connections. The characteristic feature of
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PEPA action in the mPFC, namely the generation of epileptiform
activity, can be explained by the presence of this amplification
cascade based on the circuit characteristics of the mPFC.

In the present study, subcutaneous injection of NBQX alone
did not affect extinction (Fig. 2). This, however, does not neces-
sarily mean that intact (basic) activity of AMPA receptors in the
mPFC is not important for extinction. The timing and dose of
NBQX administration has not been examined in detail in the
present study. Moreover, a higher dose of NBQX such as 30
mg/kg is reported to affect locomotion in rats (Danysz et al.,
1994). Therefore, it seems that more detailed analysis including
the intra-mPFC infusion of AMPA receptor antagonists is needed
to establish the role of intact activity of AMPA receptors in
extinction.

It has been reported that the function of the medial and orbital
PFCs is attenuated during PTSD symptom provocation (Brem-
ner, 1999) and that the function of the anterior cingulate cortex,
a subregion of mPFC, in PTSD patients is reduced during extinc-
tion training for conditioned stimuli (Bremner et al., 2005). The
reduction in the volume of the mPFC and attenuation in the
reactivity of the mPFC in PTSD patients also has been reported
(Shin et al., 2006). Given that the mPFC plays a crucial role in
extinction learning, as mentioned above, a compound such as
PEPA that facilitates extinction learning through the activation of
the mPFC constitutes a potential drug candidate for CBT for
complex anxiety disorders such as PTSD. To date, D-cycloserine
(an NMDA receptor agonist/potentiator) (Walker et al., 2002),
yohimbine (an a2-adrenoceptor antagonist) (Cain et al., 2006),
AM404 (an inhibitor of endogenous cannabinoid breakdown
and reuptake) (Chhatwal et al., 2005), and sulpiride (a D2 dopa-
mine receptor antagonist) (Ponnusamy et al., 2005) have been
reported to facilitate extinction learning for fear memory. These
drugs are thought to facilitate the inhibitory association between
the US and CS within the amygdala, but there is no drug that is
specified to act on the mPFC. In fact, intra-amygdala injection of
D-cycloserine is sufficient to facilitate extinction learning. There-
fore, our results, especially those obtained from the intra-mPFC
and intra-amygdala microinjections of PEPA, suggest the first
example of a compound that facilitates extinction learning by
mainly acting on the mPFC. Thus, PEPA (or its derivatives or
similar compounds) may provide the basis for the discovery of
new drugs that facilitate extinction learning and CBT for psychi-
atric disorders such as PTSD.
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