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Extinction Training in Conjunction with a Partial Agonist of
the Glycine Site on the NMDA Receptor Erases
Memory Trace
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University, Tainan 701, Taiwan

Much evidence indicates that extinction training does not erase memory traces but instead forms inhibitory learning that prevents the
expression of original memory. Fear conditioning induces long-term potentiation and drives synaptic insertion of AMPA receptors into
the amygdala. Here we show that extinction training applied 1 h after training reversed the conditioning-induced increase in surface
glutamate receptor subunit 1 (GluR1) in parallel with the inhibition of startle potentiation. However, if applied 24 h after training,
extinction training reduced startle potentiation without influencing the GluR1 increase. We infused D-cycloserine (DCS), a partial agonist
of the glycine site on the NMDA receptor, bilaterally into the amygdala 30 min before extinction training. This augmented the extinction
training-elicited reduction in startle and reversed the conditioning-induced increase in GluR1. Delivery of five sets of tetanic stimulation
(TS) to the external capsule produced a robust enhancement of synaptic responses in the lateral amygdala neurons that persisted for �2
h. Low-frequency stimulation applied 1 h after TS had no long-lasting effect on synaptic responses. The same treatments, however,
induced depotentiation in the presence of DCS and reversed TS-induced increase in surface GluR1. Together, this study has two important
findings: (1) whether a memory trace remains intact or is erased depends on the interval between conditioning and extinction training
and (2) DCS facilitates the reversal of memory trace. DCS-induced augmentation of extinction and reversal of GluR1 surface expression
are likely mediated by DCS-facilitated endocytosis of AMPA receptors.
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Introduction
The treatment of choice for a number of anxiety disorders is
exposure-based psychotherapy (Yehuda, 2002). Homologously,
studies of experimental extinction show that if animals are ex-
posed to the conditioned stimulus (CS), without pairing with the
unconditioned stimulus (US), previously acquired responses will
gradually decline (Pavlov, 1927; Falls et al., 1992; Rescorla, 2001).
Unfortunately, successful reduction in fear through exposure
therapy is often followed by a return of fear that is attributable to
the persistence of original memory (Quirk et al., 2000; Herry and
Garcia, 2002; Myers and Davis, 2002; Maren and Quirk, 2004). As
a result, testing animals in a context different from that used for
extinction would lead to the renewal of learned responses (Bou-
ton and King, 1983). Re-exposing animals to the US before the
test would restore its representation and reinstate the learned
responses (Rescorla and Heth, 1975). Furthermore, responses to
the CS spontaneously recover after some time after extinction
training (Bouton and Peck, 1989). On the other hand, the theory

of memory storage that relies on bidirectional synaptic modifica-
tion suggests that changes in synaptic weights must be reversible
(Heynen et al., 2000; Rogan et al., 2005). If the mechanisms un-
derlying long-term potentiation (LTP) and depotentiation were
distinct and irreversible, eventually saturation would occur be-
cause synapses were subjected to repeated stimulation. Thus, the-
oretically, there may be a way to erase memory, because the brain
needs a mechanism to prevent itself from being saturated with
useless information.

D-Cycloserine (DCS), a partial agonist at the glycine-binding
site of the NMDA receptor, augments the extinction of condi-
tioned fear when administered immediately before or after ex-
tinction training (Walker et al., 2002; Ledgerwood et al., 2003).
These results suggest that DCS might act at either the acquisition
or the consolidation, or both, of extinction. If DCS merely aug-
mented extinction, then re-exposure of DCS-treated animals to
the US should reinstate fear to an extinguished CS. In fact, this
was not the case (Ledgerwood et al., 2004), thus suggesting that
extinction after DCS treatment is more robust and less suscepti-
ble to subsequent US reinstatement. Alternatively, the effect of
DCS could be accounted for by the reversal of synaptic change
that underlies fear conditioning. Neuronal changes mediating the
association between the CS and the US occur in the lateral amyg-
dala (LA) and basolateral amygdala (BLA) (McKernan and
Shinnick-Gallagher, 1997; Rogan et al., 1997). We (Yeh et al.,
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2006) reported that fear conditioning results in an increase in
surface expression of glutamate receptor subunit 1 (GluR1) of
AMPA receptors in the amygdala, a result we arrived at by label-
ing surface receptors with biotin or using membrane fraction-
ation. The purpose of this study was to determine whether a
conditioning-induced increase in GluR1 was altered after the ex-
tinction of fear responses.

Materials and Methods
Surgery
Male Sprague Dawley rats weighing between 175 and 225 g were anes-
thetized using sodium pentobarbital (50 mg/kg, i.p.) and were subse-
quently mounted on a stereotaxic apparatus. Two cannulas made of 22
gauge stainless steel tubing were implanted bilaterally into the LA or BLA
(anteroposterior, �2.8 mm; mediolateral, �4.5 mm; dorsoventral, �7.0
mm) (Paxinos and Watson, 1986). A 28 gauge dummy cannula was
inserted into each cannula to prevent clogging. Three jewelry screws were
inserted into the top of the skull to act as anchors for the entire assembly,
which was affixed to the skull using dental cement. The rats were moni-
tored, handled daily, and given 7 d to recover. (�)-3-Amino-1-hydroxy-
2-pyrrolidone [(�)-HA-966] (6 mg/kg; Sigma, St. Louis, MO) was dis-
solved in saline and injected intraperitoneally 30 min before DCS or
extinction training. DCS (10 �g/side, dissolved in saline), D-2-amino-5-
phosphonovalerate (D-APV; 12.5 nmol/side, dissolved in saline), and
wortmannin (2.5 �g/side, dissolved in 20% DMSO) (Sigma) were ad-
ministered bilaterally into the amygdala at a volume of 1 �l and a rate of
0.1 �l/min. The infusion cannulas were left in place for 2 min before
being withdrawn.

Fear conditioning
The rats were trained and tested in a stabilimeter device. The acoustic
startle stimulus was a 50 ms, 95 dB white noise. The visual CS was a 3.7 s
light produced by an 8 W fluorescent bulb attached to the back of the
stabilimeter. The US was a 0.6 mA, 0.5 s footshock.

Acclimation. On 3 consecutive days, rats were placed in the startle test
boxes for 10 min and returned to their home cages.

Matching. On 2 consecutive days, the rats were placed in the startle box
and 3 min later presented with 10 startle stimuli at 2 min intertrial inter-
vals (ITIs). Based on their mean startle amplitudes in the second of these
two sessions, the rats were sorted into groups with similar response levels.

Training. The rats were placed in the startle boxes and received 10
light–footshock pairings at an ITI of 2 min. Unpaired controls received
the same number of light and footshock presentations, but in a pseudo-
random manner in which the US could occur at anytime except 3.2 s after
the CS.

Test. Twenty-four hours after training, the rats were tested for fear-
potentiated startle. This involved 10 startle-eliciting noise bursts pre-
sented alone (noise-alone trial) and 10 noise bursts presented 3.2 s after
the onset of the 3.7 s light (light–noise trials). The two trial types were
presented in a balanced mixed order (ITI, 30 s). The percentage of fear-
potentiated startle was computed as follows: [(startle amplitude on CS-
noise � noise-alone trials)/(noise-alone trials)] � 100.

Extinction training. One hour or 24 h after the training, the rats were
returned to the stabilimeter and given three sessions of 10 presentations
of the 3.7-s light with neither a shock nor a startle-elicited noise burst
(light-alone trials). Each session was separated by 10 min with an ITI of 1
min.

DCS experiments. On day 1, rats were trained with 10 pairings of light
and footshocks and randomly assigned to one of six experimental groups:
no extinction, extinction, DCS before extinction, DCS after extinction,
vehicle before extinction, and DCS no-extinction controls. On day 2, rats
from the extinction group received three sessions of 10 presentations of
light-alone trials, whereas no-extinction rats were exposed to the condi-
tioning chamber for an equivalent amount of time without receiving
light-alone trials. Rats from the DCS-before-extinction and vehicle-
before-extinction groups were infused with either DCS or vehicle bilat-
erally into the amygdala. The infusion rate was 0.1 �l/min. After the
infusion, a delay of 20 min was interposed before extinction training.
DCS-after-extinction rats received extinction training first, followed 30

min later by DCS infusion. Rats in the DCS-no-extinction group were
given DCS infusion without extinction training. On day 3, all groups
were tested for fear-potentiated startle.

Slice preparation and electrophysiological recordings
Male Sprague Dawley rats (175–200 g) were decapitated, and their brains
were rapidly removed and placed in cold, oxygenated artificial CSF
(ACSF) solution. Subsequently, each brain was hemisected and cut trans-
versely posterior to the first branch and anterior to the last branch of the
superior cerebral vein. The resulting section was glued to the chuck of a
Vibroslice (Campden Instruments, Sileby, UK) tissue slicer. Transverse
slices of 450 �m thickness were cut, and the appropriate slices were
placed in a beaker of oxygenated ACSF at room temperature for at least
1 h before recording. The ACSF solution had the following composition
(in mM): 117 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2
NaH2PO4, and 11 glucose. The ACSF was bubbled continuously with
95%O2/5%CO2 and had a pH of 7.4.

A single slice was transferred to the recording chamber where it was
held submerged between two nylon nets and maintained at 32 � 1°C.
The chamber consisted of a circular well of low volume (1–2 ml) and was
perfused constantly at a rate of 2–3 ml/min. Extracellular field potentials
were made by electrical stimulation of the external capsule (EC), which
contained fibers from the auditory cortex to the LA, with a concentric
bipolar stimulating electrode. Electrical stimuli (150 �s in duration)
were delivered at a frequency of 0.05 Hz. Baseline field potentials were
adjusted to �30 – 40% of the maximal responses. LTP was elicited by five
trains of tetanus (100 Hz, 1 s at 1 min intervals) at the same stimulation
intensity used for baseline. Depotentiation was elicited by a 5 Hz stimu-
lation for 3 min. Bicuculline (2 �M) was present in the perfusion solution.

Surface biotinylation and Western blot analysis of surface GluR1
Brain slices containing only LA and BLA were placed on ice and washed
twice with ice-cold ACSF. The slices were then incubated with ACSF
containing 0.5 mg/ml sulfo-NHS-LC-biotin (Pierce, Rockford, IL) for
1 h on ice. Next, the slices were rinsed in TBS buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl) to quench the biotin reaction and sonicated briefly in
homogenizing buffer (1% Triton X-100, 0.1% SDS, 50 mM Tris-HCl, pH
7.5, 0.3 M sucrose, 5 mM EDTA, 2 mM sodium pyrophosphate, 1 mM

sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 20 �g/ml
leupeptin, and 4 �g/ml aprotinin). After sonication, the samples were
centrifuged at 14,000 rpm for 30 min at 4°C and the supernatant was
obtained. Protein concentration in the soluble fraction was then mea-
sured using a Bradford assay, with bovine serum albumin as the standard.
Biotinylated protein (400 �g) from the supernatant was precipitated
with 50 �l of 50% Neutravidin agarose (Pierce) for 16 h at 4°C and
washed four times with homogenizing buffer. Bound protein was resus-
pended in 4 �l of SDS sample buffer and boiled. Biotinylated protein was
resolved in 8.5% SDS-polyacrylamide gels, blotted electrophoretically to
polyvinylidene difluoride membrane, and blocked overnight in TBS
buffer containing 5% nonfat milk. Surface GluR1 receptors and pan-
cadherin (surface protein control) were labeled with a biotinylation as-
say, followed by Western blot analysis that used a GluR1 antibody (1:
4000; Santa Cruz Biotechnology, Santa Cruz, CA), pan-cadherin
antibody (1:2500; Sigma), or actin (1:4000; Santa Cruz Biotechnology),
and the addition of HRP-conjugated secondary antibodies for 1 h. An
enhanced chemiluminescence kit was used for detection of the labeled
proteins. Western blots were developed in the linear range used for den-
sitometry. GluR1 levels in paired or unpaired animals were expressed as
a percentage of those in naive controls.

Synaptoneurosome preparation
Brain slices containing only LA and BLA were homogenized in 70 �l of
ice-cold lysis buffer in an Eppendorf tube. The buffer consisted of the
following (in mM): 118.5 NaC1, 4.7 KC1, 1.18 MgSO4, 2.5 CaCl2, 1.l8
KH2PO4, 24.9 NaHCO3, 10 dextrose, and 10 �g/ml adenosine deami-
nase, and its pH was adjusted to 7.4 by bubbling with 95% O2/5% CO2.
Proteinase inhibitors (0.0l mg/ml leupeptin, 0.005 mg/ml pepstatin A, 0.l
mg/ml aprotinin, and 5 mM Benzamide) were included in the buffer to
minimize proteolysis. The homogenate was diluted with 350 �l of addi-
tional ice-cold lysis buffer. This mixture was loaded into a l ml tuberculin
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syringe attached to a 13-mm-diameter syringe
filter holder (Millipore, Bedford, MA). The di-
luted filtrate was forced over three layers of ny-
lon (100 �m pores; Nytex: Tetko, Elmsford,
NY) prewetted with 150 �l of lysis buffer and
collected in a 1.5 ml Eppendorf tube. The
nylon-prefiltered mixture was loaded into an-
other 1 ml tuberculin syringe and forced
through a prewetted 5 �m nitrocellulose filter
(Millipore). The homogenate was kept ice cold at
all times to minimize proteolysis. The filtered par-
ticulate was then spun at l000 � g for l5 min at
4°C. The supernatant was removed, and the pellet
(synaptoneurosome) was resuspended in 80 �l of
lysis buffer for Western blot analysis.

Data analysis
The percentage of fear-potentiated startle was
used as a measure of conditioned fear. ANOVA
followed by Bonferroni tests were performed to
analyze the degree of significance among mul-
tigroup experiments. A paired t test was used to
analyze differences in field EPSPs (fEPSPs) be-
fore and after tetanic stimulation (TS) or low-
frequency stimulation (LFS). All values are
mean � SEM.

Results
Light-alone trials conducted 1 h, but not
24 h, after training reverse
conditioning-induced increase in
surface GluR1
Rats were conditioned with 10 light–shock
pairings, and memory was assessed 24 h
later. Trained rats learned to associate the
conditioning light with shock. This was
manifested with an increase in acoustic
startle (175.8 � 11.2%; n � 7) relative to
naive (22.9 � 1.5%; n � 6) and unpaired
(33.1 � 6.1%; n � 6) controls (F(2,16) �
119.7; p � 0.0001). Thirty minutes after
training, the rats were infused with NMDA
receptor antagonist D-APV (12.5 nmol/
side), phosphatidylinositol 3-kinase (PI-3
kinase) inhibitor wortmannin (2.5 �g/side), or vehicle bilaterally
into the amygdala, followed 30 min later by three sessions of
light-alone trials. Extinction training significantly reduced fear-
potentiated startle to 67.3 � 6.6% (n � 7; p � 0.001) (Fig. 1A).
Treatment with D-APV (176.1 � 6.8%; n � 6) or wortmannin
(177.3 � 10.4%; n � 6) blocked extinction training-induced re-
duction in fear-potentiated startle. ANOVA indicated a main ef-
fect of group (F(2,16) � 119.7; p � 0.0001), with vehicle rats show-
ing significantly less startle potentiation than D-APV and
wortmannin rats ( p � 0.001) and equivalent startle potentiation
to extinction controls ( p � 0.1). The photomicrograph illustrat-
ing the placement of the infusion needle tip into the LA is shown
in supplemental Figure 1 (available at www.jneurosci.org as sup-
plemental material), and the diagram of the infusion cannula tip
locations is shown in Figure 1B. Only rats with cannula tips at or
within the boundaries of LA and BLA were included in the data
analysis.

In parallel with behavioral performance, LA and BLA tissues
were dissected out, and surface receptors were labeled with biotin
24 h after training. Biotinylated receptors were precipitated, and
surface GluR1 was determined by immunoblotting. As shown in

Figure 1C, fear conditioning significantly increased surface ex-
pression of GluR1 compared with naive and unpaired controls
(F(2,15) � 21.3; p � 0.0001). Conditioning-induced increase in
GluR1 was inhibited in the extinction group, and such effect was
blocked by D-APV. ANOVA indicated a main effect of group
(F(3,20) � 29.6; p � 0.0001), with D-APV rats showing signifi-
cantly higher GluR1 levels than vehicle and extinction rats ( p �
0.001) as well as equivalent GluR1 levels to paired controls ( p �
0.1). Similar experimental procedures were performed to deter-
mine GluR1 levels in the synaptic sites using synaptoneurosomes
that resemble isolated glutamatergic synapses located on the den-
dritic spines with resealed presynaptic and postsynaptic compart-
ments (Hollingsworth et al., 1985; Hampson et al., 1992; Heynen
et al., 2000). The GluR1 level was significantly increased after
conditioning (F(2,15) � 19.6; p � 0.0001), and the increase was
reversed by extinction training. The reduction in GluR1 increase
could be blocked by wortmannin or D-APV (F(3,20) � 19.6; p �
0.01). Wortmannin and D-APV rats exhibited significantly higher
GluR1 levels than vehicle and extinction rats ( p � 0.01) and
equivalent GluR1 levels to paired controls ( p � 0.5) (Fig. 1D).

Light-alone trials applied 1 h after fear training may not in-
duce fear extinction, but it may instead block consolidation of

Figure 1. Light-alone trials 1 h after training reverse conditioning-induced increase in the surface expression of GluR1. Rats
were conditioned and randomly assigned to the extinction, D-APV, wortmannin, and vehicle groups. One hour later, they were
given three sessions of 10 presentations of light without footshock. D-APV (12.5 nmol per side) or wortmannin (2.5 �g per side)
were given 30 min before light-alone trials. A, Plot of percentage of startle potentiation in unpaired control, conditioned,
wortmannin-treated, and D-APV-treated animals. ***p � 0.001 versus the wortmannin and D-APV groups. B, Cannula tip
placements from paired rats infused with D-APV (F), wortmannin (‚), or vehicle (�, 1 �l of 50% DMSO) in experiment A. C,
Representative blots and mean� SEM of GluR1 immunoreactivity from rats decapitated 24 h after extinction training. LA and BLA
tissues were dissected out, and surface GluR1 levels were determined by biotin labeling. Biotinylated surface proteins were
precipitated using immobilized avidin and analyzed using Western blot analysis with anti-GluR1 or anti-pan-cadherin (surface
protein control) antibodies. ***p � 0.001 versus the D-APV group. D, Light-alone trials reversed the conditioning-induced
increase in GluR1 in synaptoneurosomes; both wortmannin treatment and D-APV treatment inhibited this effect. **p � 0.01
versus the D-APV and wortmannin groups. Wort, Wortmannin; Unp, unpaired; Ext, extinction; Veh, vehicle.
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memory. Therefore, a separate set of experiments was performed
in which light-alone trials were applied 24 h after training. Behav-
ioral assessment revealed that light-alone trials caused a signifi-
cant reduction in the fear-potentiated startle (F(2,19) � 33.9; p �
0.0001). Context control rats were returned to the startle box at
the equivalent time without receiving light-alone trials. The star-
tle potentiations in paired, extinction, and context control

groups were 175.8 � 11.2% (n � 7), 82.0 � 7.1% (n � 9), and
165.6 � 10.1% (n � 6), respectively. Treatment with D-APV
(12.5 nmol/side; n � 6) or wortmannin (2.5 �g/side, n � 6) 30
min before light-alone trials blocked extinction training-induced
reduction in startle. ANOVA indicated a main effect of group
(F(3,20) � 31.1; p � 0.0001), with D-APV and wortmannin rats
showing significantly higher startle potentiation than vehicle rats
( p � 0.001) and equivalent startle potentiation to context-alone
controls ( p � 0.5).

In contrast to training applied after 1 h, light-alone trials 24 h
after training did not significantly influence the conditioning-
induced increases in surface expression of GluR1 (Fig. 2A). In
addition, wortmannin and D-APV rats exhibited comparable
GluR1 levels to the extinction group (F(4,37) � 0.71; p � 0.59). A
lack of the effect of extinction training applied 24 h after training
on conditioning-induced increase in GluR1 was also observed in
synaptoneurosomes ( p � 0.12) (Fig. 2B). In summary, light-
alone trials applied 1 h after training attenuated the increase in
surface GluR1 in parallel with the inhibition of startle potentia-
tion. Light-alone trials applied 24 h after training also attenuated
startle potentiation but did not influence the GluR1 increase.

Coapplication of light-alone trials with DCS reverses
conditioning-induced increase in surface expression of GluR1
DCS facilitates extinction training-induced reduction in fear re-
sponse (Walker et al., 2002; Ledgerwood et al., 2003) and en-
hances treatment responses (Ledgerwood et al., 2004). Interest-
ingly, extinction training combined with DCS treatment does not
show reinstatement by unpaired US presentation in rats. We
therefore investigated the mechanism behind the facilitation of
extinction of DCS. On day 1, rats were conditioned. On day 2,
they were infused with DCS (10 �g per side) bilaterally into the
amygdala either 30 min before or 30 min after light-alone trials.
Vehicle-control rats were given saline 30 min before extinction
training. The rats were tested for fear-potentiated startle 24 h
after extinction training. Fear-potentiated startle was signifi-
cantly lower in both DCS-treated rats than in vehicle-treated and
extinction controls (F(3,23) � 4.45; p � 0.05) (Fig. 3A). The effect
of DCS might reflect reduction in fear response or a disruption of
fear-potentiated startle independent of fear reduction. To distin-
guish these possibilities, rats were treated with DCS without ex-
tinction training and tested for fear memory 24 h later. The startle
reflex in these rats (DCS without extinction) was comparable
with those without extinction training (paired without extinc-
tion) ( p � 0.52), suggesting that DCS augmented extinction
training-induced reduction in startle potentiation and did not
exert a general effect on startle reflex.

We tested whether HA-966, an antagonist for the glycine-
binding site of NMDA receptors, blocked the effect of DCS.
Twenty-four hours after conditioning, the rats were given intra-
peritoneal injections of saline or HA-966 (6 mg/kg); 30 – 60 min
later, they were treated with DCS. After 30 min, the rats were
given extinction training. Twenty-four hours later, they were
tested for fear-potentiated startle. HA-966-treated rats given ex-
tinction training, but no DCS treatment, were the controls. HA-
966 blocked the effect of DCS. Startle potentiation in rats treated
with HA-966 plus DCS was significantly higher than in those
treated with saline plus DCS or DCS alone (F(2,14) � 5.25; p �
0.05) and was comparable to those that received extinction train-
ing only ( p � 0.96) (Fig. 3C). Furthermore, HA-966-treated rats
given extinction training, but no DCS treatment, had startle po-
tentiation equivalent to extinction rats ( p � 0.5), suggesting that
HA-966 by itself did not influence extinction.

Figure 2. Light-alone trials 24 h after training extinguish fear memory but do not reverse the
conditioning-induced increase in the surface expression of GluR1. Rats were conditioned with
10 light–shock pairings; they were given light-alone trials 24 h after training. Context control
rats were returned to the startle box at the equivalent time without light-alone trials. Memory
retention was assessed 24 h after light-alone trials. A, Representative blots and mean � SEM of
GluR1 immunoreactivities from rats decapitated 24 h after extinction training. LA and BLA
tissues were dissected out, and the surface GluR1 levels were determined by biotin labeling. B,
GluR1 levels in the context control and extinction groups were determined in synaptoneuro-
somes. Cont, Context; Wort, wortmannin; Veh, vehicle.

Mao et al. • Reversal of Glutamate Receptor Increase J. Neurosci., August 30, 2006 • 26(35):8892– 8899 • 8895



We then examined whether DCS af-
fected GluR1 expression after extinction
training. On day 1, rats were conditioned;
24 h later, they were treated with DCS (10
�g per side) either before or after extinc-
tion training. Twenty-four hours after ex-
tinction training, LA and BLA tissues were
dissected out, and the surface receptors
were labeled with biotin. Extinction train-
ing did not significantly influence the
conditioning-induced increases in GluR1
( p � 0.10), but DCS treatment either 30
min before or after light-alone trials re-
versed them (F(2,15) � 6.8; p � 0.01) (Fig.
4A). The reversal of GluR1 increase after
extinction training plus DCS could be
blocked by HA-966. HA-966 plus DCS rats
exhibited significantly higher GluR1 levels
than DCS plus vehicle, DCS-before-
extinction, and DCS-after-extinction rats
(F(3,20) � 5.1; p � 0.01) and equivalent
GluR1 levels to extinction controls ( p �
0.77).

The effects of extinction training and
treatment of DCS on the unconditioned
rats were examined. As shown in Figure
4B, extinction training and DCS treatment
did not affect surface GluR1 levels in both
naive (F(2,9) � 0.30; p � 0.5) and unpaired
rats (F(2,9) � 1.65; p � 0.1).

The decrease in surface GluR1 could
represent internalization or catalysis of
GluR1. Therefore, we performed Western
blot analysis of GluR1 in tissue homoge-
nates from LA and BLA. The result re-
vealed that the total levels of GluR1 were
not different among the rats in naive,
fear-conditioned, and after-extinction
training plus DCS treatment (F(2,9) � 1.65; p � 0.25) (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material).

DCS facilitates depotentiation and reduction in surface levels
of GluR1
Previous studies indicate that LTP of synapses from the auditory
thalamus and cortex to the LA underlies the encoding of fear
memory (McKernan and Shinnick-Gallagher, 1997; Rogan et al.,
1997). LTP of synaptic responses in the amygdala could be re-
versed by LFS of afferent fibers (Aroniadou-Anderjaska et al.,
2001), a phenomenon termed depotentiation (Barrionuevo et al.,
1980; Staubli and Chun, 1996). Reversal of LTP is time depen-
dent; LFS erases LTP when delivered within 20 min after the
induction of LTP, but not at the time when LTP is consolidated
(Staubli and Chun, 1996). We examined whether DCS facilitated
LFS-induced depotentiation in the amygdala slices. fEPSPs in the
LA were elicited by stimulation of the EC. Delivery of five sets of
TS (100 Hz for 1 s) at an interstimulus interval of 1 min to the EC
produced a robust enhancement of synaptic responses in the LA
neurons that persisted for �2 h. The slopes of fEPSP were
212.0 � 7.6% and 195.9 � 7.7% (n � 8) of the pretetanus level at
1 and 2 h after the stimulation (Fig. 5A). We first tested whether
LFS (5 Hz for 3 min) applied at 10 min after TS (LFS 10 min) was
able to elicit depotentiation. In six experiments, the slopes of

fEPSP declined to 117.8 � 9.4% and 103.0 � 10.2% (n � 6) of the
pretetanus level at 1 and 2 h after TS. In the next experiments, LFS
was applied 60 min after TS (LFS 60 min). As shown in Figure 5A,
LFS induced an initial decline in fEPSP that partially recovered to
166.1 � 10.2% (n � 7) of baseline at 2 h after TS. In contrast,
when DCS was applied 5 min before and during the LFS (DCS
plus LFS 60 min), fEPSP declined to 100.2 � 1.7% (n � 7) of
baseline at 2 h after TS. ANOVA indicated a main effect of group
(F(2,19) � 14.21; p � 0.001), with DCS plus LFS 60 min slices
showing significantly less fEPSP slopes than LFS 60 min ( p �
0.01) and no-LFS ( p � 0.001) slices as well as an equivalent
fEPSP slope to LFS 10 min slices ( p � 0.05).

Using a biotinylation assay, we tested whether DCS facilitated
LFS-induced reduction in surface GluR1. Rats were killed, and
amygdala slices were prepared and assigned randomly to the na-
ive, TS, LFS 60 min, and LFS 60 min plus DCS groups with the
same protocols as the electrophysiological experiments. Thus,
amygdala slices were given five sets of TS at an interstimulus
interval of 1 min to the EC in the TS group. In the LFS 60 min
group, LFS was delivered at 60 Hz after the onset of TS. DCS was
applied 5 min before and during the LFS in the LFS 60 min plus
DCS group. Two hours after the onset of TS, a relatively small
portion of the LA was dissected from each slice. Four to six slices
from each animal were pooled together for biochemical analysis.
Biotinylated receptors were precipitated, and surface GluR1 was

Figure 3. DCS augments extinction training-induced reduction in startle reflex. A, Rats were conditioned and 24 h later were
given light-alone trials. The percentage of fear-potentiated startle (mean � SEM) was measured 24 h after light-alone trials. DCS
(10 �g per side) was infused bilaterally into the amygdala 30 min before or after light-alone trials. B, Cannula tip placements in
rats infused with DCS before extinction (F), DCS after extinction (Œ), vehicle before extinction (E), or DCS without extinction (‚)
in experiment A. C, HA-966 (6 mg/kg, i.p.) was given 30 min before DCS; 30 min later, light-alone trials were given. HA-966
blocked the effect of DCS, but HA-966 alone did not affect extinction training. D, Cannula tip placements in rats infused with DCS
plus HA-966 (F) or DCS plus vehicle (E) in experiment C. Ext, Extinction; Veh, vehicle.
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determined by quantitative immunoblotting. Figure 5B shows
that the GluR1 level was significantly elevated in the LA (152.5 �
6.8%; n � 6 rats) when compared to naive slices without receiv-
ing TS. LFS applied 60 min after TS did not significantly influence

the TS-induced increases in GluR1 (148.6 � 4.8%; n � 6 rats),
but DCS treatment 5 min before LFS reversed them (F(2,15) �
32.73; p � 0.001) (Fig. 5B).

Discussion
Understanding how learned fear might be diminished or abol-
ished has important implications for the treatment of anxiety
disorders. Psychological data and animal studies indicate mem-

Figure 4. Extinction training plus DCS reverses the conditioning-induced increase in the
surface expression of GluR1. A, Representative blots and mean � SEM of GluR1 immunoreac-
tivity. Rats were conditioned, and 24 h later they were infused with DCS (10 �g per side)
bilaterally into the amygdala 30 min before or after extinction training. Twenty-four hours after
extinction training, LA and BLA tissues were dissected out and the surface GluR1 levels were
determined using biotin labeling. Cotreatment of DCS with light-alone trials blocked the
conditioning-induced increases in surface expression of GluR1. Intraperitoneal HA-966 (6 mg/
kg) 30 min before DCS blocked the effect of DCS. *p � 0.05 versus extinction. B, Extinction
training plus DCS treatment did not influence surface GluR1 levels in control rats that were given
light and footshock in an unpaired manner (unpaired) or received neither light nor footshock
(naive). Ext, Extinction; Veh, vehicle; Unp, unpaired; HA, HA-966.

Figure 5. DCS facilitates LFS-induced depotentiation and reduction in surface levels of
GluR1. A, The graph represents the mean � SEM slope of fEPSPs plotted against time. LFS
applied 60 min after the TS had no lasting effect on the LTP. However, in the presence of DCS (10
�M), LFS induced depotentiation. B, Amygdala slices were randomly assigned to the naive, TS,
LFS 60 min, and LFS 60 min plus DCS groups. Slices were given five sets of TS at an interstimulus
interval of 1 min to the EC in the TS group. In the LFS 60 min group, LFS was delivered at 60 Hz
after the onset of TS. DCS was applied 5 min before and during the LFS in the DCS plus LFS 60 min
group. Two hours after the onset of TS, a relatively small portion of the LA was dissected from
each slice. Four to six slices from each animal were pooled together for biochemical analysis.
Naive control slices were incubated in ACSF for 2 h. ***p � 0.001 versus TS.
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ory extinction as an active learning process that inhibits expres-
sion of the original association rather than erasing it. We tested
this hypothesis by labeling surface receptors with biotin or using
membrane fractionation. There are two important findings.
First, the interval between conditioning and extinction training
determines whether a memory trace remains intact or is erased.
Extinction training applied 1 h after training reversed the
conditioning-induced increase in surface GluR1 in parallel with
the inhibition of startle potentiation. However, if applied 24 h
after training, extinction training reduced startle potentiation
without influencing GluR1 increase. Second, DCS facilitates the
reversal of memory trace. Neither extinction training applied
24 h after conditioning nor DCS alone altered surface expression
of GluR1. However, coadministration of DCS with extinction
training facilitated extinction and reversed the increase in GluR1.
Similarly, in the in vitro amygdala slices, application of LFS 1 h
after the TS had no long-lasting effect on synaptic responses. The
same treatment, however, induced depotentiation in the pres-
ence of DCS and reversed TS-induced increase in surface GluR1.
Recent studies have shown that encoding of fear memory in the
amygdala is associated with AMPA receptor trafficking (Rumpel
et al., 2005; Yeh et al., 2006). More importantly, blocking synaptic
GluR1 receptor incorporation inhibited amygdala LTP as well as
fear conditioning (Rumpel et al., 2005), suggesting an essential
contribution of this molecular process to memory formation.
Thus, our findings here raise the possibility of erasing memory by
application of extinction training shortly after conditioning or by
combining extinction training with DCS infusion of the
amygdala.

We have shown previously that fear conditioning induced Akt
(a serine/threonine kinase) phosphorylation in the amygdala.
However, when light-alone trials were subsequently applied
within 1 h after training, phosphorylated Akt was reduced and
accompanied by an increase in enzymatic activity and protein
level of calcineurin (Lin et al., 2003). Therefore, adding light-
alone trials 1 h after training increased phosphatase activity that
counteracted consolidation of memory. Complementary to this
result, Myers et al. (2006) recently demonstrated that rats receiv-
ing extinction training within 1 h after conditioning exhibited
little or no reinstatement, renewal, and spontaneous recovery.
On the other hand, rats that were killed 24 –72 h after acquisition
exhibited reinstatement, renewal, and spontaneous recovery. The
differential effects with varying intervals between acquisition and
extinction training were also reflected on the sensitivity of extinc-
tion training to the L-type calcium channel blocker nifedipine.
For example, extinction was blocked by nifedipine when extinc-
tion training was given 1 h or longer but not immediately after
conditioning (Cain et al., 2005).

Extinction 24 h after acquisition is also sensitive to NMDA
receptor and PI-3 kinase inhibitors (Falls et al., 1992; Lee and
Kim, 1998; Lin et al., 2003; Chen et al., 2005). Converging evi-
dence indicates that the medial prefrontal cortex (mPFC) and the
intercalated cells within the amygdala play important roles in the
extinction of fear memory (Milad and Quirk, 2002; Myers and
Davis, 2002; Royer and Paré, 2002; Maren and Quirk, 2004;
Sotres-Bayon, 2004). Intercalated GABAergic neurons receive in-
put from the BLA and exhibit NMDA-dependent LTP (Royer
and Pare, 2002). During extinction training, mPFC neurons ac-
tivate and cause sufficient depolarization of intercalated neurons
to allow their expression of NMDA-dependent LTP from BLA
inputs. Subsequently, in response to CS-alone trials, BLA neu-
rons would produce relatively more inhibition on the central
nucleus of the amygdala leading to the suppression of condi-

tioned fear (Likhtik et al., 2005). PI-3 kinase signaling is required
for LTP in several areas of the brain, including hippocampal CA1
(Sanna et al., 2002; Opazo et al., 2003), dentate gyrus (Kelly and
Lynch, 2000), and amygdala (Lin et al., 2001). It is possible that
intercalated GABAergic neurons also exhibit PI-3 kinase-
dependent LTP from the BLA because extinction 24 h after ac-
quisition is blocked by PI-3 kinase inhibitor (Chen et al., 2005).

AMPA receptors can be removed from synapses by briefly
treating them with glutamate receptor agonists (Shi et al., 1999;
Ehlers, 2000; Lin et al., 2000). Protein kinase A (PKA) is targeted
to the synapse by an interaction with the A kinase-anchoring
protein AKAP79/150 (Colledge et al., 2000). Disruption of PKA–
AKAP interaction is sufficient to induce reduction in synaptic
AMPA receptors. DCS facilitates activation of NMDA receptors
that induces Ca 2� influx resulting in the activation of cal-
cineurin. Calcineurin activation leading to local reorganization
of F-actin, which causes displacement of PKA from the synapse
that may initiate endocytosis of receptor and trigger a loss of
GluR1 from the surface of neurons (Gomez et al., 2002; Snyder et
al., 2005). Assuming that the DCS mechanisms in vivo and in vitro
are similar, it suggests that DCS augments depotentiation of syn-
aptic responses and extinction of fear memory via facilitation of
NMDA-mediated disruption of PKA–AKAP interaction, result-
ing in receptor endocytosis.

Extinction training usually consisted of CS-alone trials that
induced memory retrieval and reconsolidation (Nader et al.,
2000; Duvarci and Nader, 2004). Activation of PKA in the amyg-
dala enhanced reconsolidation, whereas inhibition of PKA im-
paired reconsolidation (Tronson et al., 2006). Thus, facilitation
of NMDA-induced activation of calcineurin and inhibition of
PKA by DCS could lead to a block on reconsolidation. This result
could provide a mechanistic explanation for the retardation of
reinstatement by the treatment of extinction training plus DCS
(Ledgerwood et al., 2004). In the present study, the complete
reversal of GluR1 by extinction training plus DCS suggests that
DCS may transform the effect of light-alone trials from inhibitory
learning (extinction) to erasure (blockage of reconsolidation). In
contrast, in behavioral tests, HA-966 blocked only the additional
reduction caused by DCS treatment, rather than returning fear
potentiation levels to those of fear-conditioned animals without
extinction, implicating that inhibitory learning is intact and DCS
only adds a bit of erasure. It is possible that DCS does change the
nature of the extinction learning, but the HA-966 experiment
cannot reveal it, because it blocks rather than reverses the effect of
DCS.

In summary, encoding fear memory is thought to require
long-lasting change in the strength of synaptic transmission,
likely via the expression of surface AMPA receptors in the amyg-
dala (Rumpel et al., 2005; Yeh et al., 2006). Our data provide the
first evidence that extinction training plus DCS reverses
conditioning-induced increases in the synaptic expression of
GluR1. DCS facilitates LFS-induced depotentiation and reduc-
tion in surface expression of GluR1. If DCS mechanisms in vivo
and in vitro are similar, these results suggest that facilitation of
NMDA-mediated endocytosis of AMPA receptors might be the
underlying mechanism. A schematic diagram illustrating fear
conditioning, extinction, and the effect of DCS is shown in sup-
plemental Figure 3 (available at www.jneurosci.org as supple-
mental material). The present study demonstrates that DCS plus
extinction training might erase memory trace, and it explains the
clinical benefit of using DCS with extinction-based psychother-
apy to treat post-traumatic stress disorder.
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