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Memory extinction refers to a gradual decrease of the previously acquired response when exposed to conditional stimulus without
pairing with unconditional stimulus. Here we show for the first time that fear training-induced phosphorylation of specific substrates in
the rat amygdala is reduced after extinction trials and is accompanied by an increase in the protein level and enzymatic activity of
calcineurin. In parallel, calcineurin inhibitors prevented extinction-induced protein dephosphorylation as well as extinction of fear
memory. Thus, extinction training increased phosphatase activity likely via an expression of calcineurin. Calcineurin then created a
negative-feedback loop and directly or indirectly dephosphorylated specific substrates, which, in their phosphorylated state, were re-
quired for memory consolidation. Accordingly, in our experimental condition, extinction could be ascribed at least in part to a weakening
of the original signaling.
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Introduction
It is a general observation in animals that a cue [conditioned
stimulus (CS)] comes to induce fear response when it is repeat-
edly paired with a noxious stimulus [unconditioned stimulus
(US)], such as footshock (Davis, 2000; LeDoux, 2000). However,
it is also known for some time that, if animals are exposed only to
the CS without pairing with US, the previously acquired re-
sponses will gradually decrease, a phenomenon referred to as fear
extinction (Rescorla, 2001). Converging evidence indicate that
the amygdala plays an important role in both formation and
extinction of fear memory (Falls et al., 1992; Maren, 1999; Nader
et al., 2000; Lu et al., 2001). Experiments performed by various
laboratories using different animal models indicated that long-
term memory formation involved activation of the protein ki-
nases such as calcium/calmodulin kinase II, cAMP-dependent
protein kinase (PKA), and mitogen-activated protein kinase
(MAPK) (Impey et al., 1998; Schafe et al., 2000; Josselyn et al.,
2001). Once stimulated, these kinases could translocate to the
nucleus and subsequently activate transcription factors to pro-
mote gene transcription and new protein synthesis. Much less is
known about the cellular mechanisms leading to memory extinc-
tion. Previous studies have shown that experimental extinction
was blocked by NMDA receptor antagonists and MAPK kinase
(MEK) inhibitors (Falls et al., 1992; Lu et al., 2001) and facilitated
by D-cycloserine, a partial NMDA agonist (Walker et al., 2002).
Recently, it was found that extinction of fear conditioning was
impaired in cannabinoid receptor 1-deficient (Marsicano et al.,

2002) or protein phosphatase 1-inhibited (Genoux et al., 2002)
mice.

This laboratory showed recently that acquisition of fear was
associated with an activation of phosphatidylinositol 3-kinase
(PI-3 kinase) and its downstream target Akt in the rat amygdala.
PI-3 kinase and Akt were also activated in response to long-term
potentiation (LTP)-inducing tetanic stimulation (TS). In paral-
lel, PI-3 kinase inhibitors interfered with TS-induced LTP as well
as long-term fear memory formation (Lin et al., 2001). Therefore,
it is of particular interest to see whether extinction trials affect
phosphorylated state of this protein kinase. Here we show for the
first time that fear training-induced phosphorylation of Akt in
the rat amygdala is reduced after extinction training and is ac-
companied by an increase in the protein level and enzymatic
activity of calcineurin.

Materials and Methods
Surgery
Rats, anesthetized with sodium pentobarbital (50 mg/kg, i.p.), were
mounted on a stereotaxic apparatus and two cannulas made of 22 gauge
stainless steel tubing (C313G; Plastic Products) were implanted bilater-
ally into the lateral amygdala (LA) or basolateral amygdala (BLA). The
coordinates were as follows (according to Paxinos and Watson, 1986):
anteroposterior, �2.3 mm; mediolateral, �4.5 mm; dorsoventral, �7.0
mm. Only rats with cannula tips within the boundaries of LA and BLA
were included in the data analysis. Rats were monitored and handled
daily and were given 7 d to recover. Calcineurin inhibitor FK-506 was
dissolved in DMSO, and cypermethrin was dissolved in 95% ethanol.
The drugs were administered bilaterally in a volume of 0.8 �l at a rate of
0.5 �l/min.

Behavioral apparatus and procedures
Fear conditioning was measured using potentiated startle paradigm
adapted and modified from Lu et al. (2001). Rats were trained and tested
in a stabilimeter device. A piezoelectric device mounted below stabilime-
ter detects and transduces the motion of the cylinder produced by the
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whole-body startle response of the rat (San Diego Instruments, San Di-
ego, CA). The whole setup was enclosed in a ventilated, sound-
attenuating cabinet (length of 38 cm, width of 38 cm, and height of 55
cm). The acoustic startle stimulus was a 50 msec white noise at the inten-
sity of 95 dB. The visual CS was a 3.7 sec light produced by an 8 W
fluorescent bulb attached to the back of stabilimeter. The US was a 0.6
mA footshock with a duration of 0.5 sec.

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, rats were placed in the startle box
and, 3 min later, presented with 10 startle stimuli at a 2 min intertrial
interval (ITI). On the basis of their mean startle amplitudes in the second
of these two sessions, rats were matched into groups with similar re-
sponse levels.

Training. Rats were placed in the startle boxes and received 10 light–
footshock pairings with an ITI of 2 min. Unpaired controls received the
same number of light and footshock presentation but in a pseudorandom
manner in which the US could occur at anytime except at the 3.2 sec after
the CS.

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

Extinction training. Ten minutes after the pretests, rats were returned
to the stabilimeter and given three sessions of 10 presentations of the 3.7
sec light in the absence of either shock or the startle-elicited noise burst
(light-alone trials). Each session was separated by 10 min with an ITI of 1
min. The context control group remained in the stabilimeter for an
equivalent period of time without receiving any stimulation.

Postextinction training. Immediately after extinction training, rats
were tested for fear-potentiated startle in a procedure identical to
pretests.

Western blot analysis
Rats were killed by decapitation, and the lateral and basolateral subre-
gions of the amygdala were sonicated briefly in ice-cold buffer [50 mM

Tris-HCl, pH 7.5, 0.3 M sucrose, 5 mM EDTA, 2 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 20 �g/ml leupeptin, and 4 �g/ml aprotinin]. After sonication,
the samples were centrifuged at 7500 rpm for 15 min, and the superna-
tant was obtained after pelleting the crude membrane fraction by centrif-
ugation at 50,000 rpm for 1 hr at 4°C. Equivalent amounts of protein for
each sample were resolved in 8.5% SDS-polyacrylamide gels, blotted
electrophoretically to Immobilon, and blocked overnight in TBS buffer
(50 mM Tris-HCl, pH 7.5, and 150 mM NaCl) containing 3% bovine
serum albumin. For detection of the phosphorylated forms of Akt or the
protein level of calcineurin, blots were incubated with anti-phospho-Akt
(1:1000; New England Biolabs, Beverly, MA) and anti-calcineurin (1:
2000; BD Transduction Laboratories, Los Angeles, CA) antibodies, re-
spectively. To assess for change in the activation of PI-3 kinase, total
kinase levels were first normalized to total protein levels for each sample.
Results were expressed by the ratio of activated kinase levels to total
kinase levels. However, in some experiments, activated kinase levels in
trained animals were normalized to total kinase levels and then were
expressed as a percentage of those in unpaired controls.

Calcineurin activity assay
Light-alone trained rats were killed by decapitation immediately after
trials. The LA and BLA were microdissected and frozen on dry ice. Phos-
phatase assay was performed according to the instructions of the cal-
cineurin assay kit (Promega, Madison, WI). Pooled LA and BLA areas
were homogenized in ice-cold buffer (50 mM Tris-HCl, pH 7.5, 50 mM

NaCl, 10 mM EGTA, 5 mM EDTA, 1 mM sodium orthovanadate, 1 mM

PMSF, 20 �g/ml leupeptin, and 4 �g/ml aprotinin) and centrifuged at
100,000 rpm for 1 hr to remove particular matter. Supernatants were
added to the reaction buffer from the kit, and the reaction was incubated

at 30°C for 10 min. The reaction buffer contains 50 mM imidazole, pH
7.2, 0.2 mM EGTA, 10 mM MgCl2, 1 mM NiCl2, 50 �g/ml calmodulin, and
0.02% �-mercaptoethanol. FK-506 (1 �M) in the supernatant completely
blocked inorganic phosphate (Pi) release, indicating that the measured
phosphatase activity reflects calcineurin function. The enzyme activity
was expressed in nanomoles of Pi released per minute per milligram of
protein from the substrate. The calcineurin substrate sequence is
RRA(pT)VA.

Results
Rats were given 10 pairings of light (CS) and footshock (US) and
tested 24 hr later (pretest). After initial training, animals exhib-
ited fear of the light manifesting as an increase in acoustic startle
(195.9 � 6.8% of potentiation; n � 54; p � 0.001). They were
subsequently divided into three groups: light alone, context con-
trol, and light plus shock groups. The rats in the light-alone group
were given three sessions of 10 presentations of light in the ab-
sence of either shock or startle-elicited noise burst. Group con-
text control was placed in the testing apparatus for an equivalent
amount of time without stimulation, and group light plus shock
was given three sessions of light–shock pairs (Fig. 1A). As shown
in Figure 1B, rats in the light-alone group displayed a significant
reduction in startle amplitude relative to their preextinction lev-
els. A two-way ANOVA with treatment (light-alone presenta-
tions vs context control) and sessions as between-subjects factors
indicated a significant treatment effect (F(1,30) � 190.4; p �

Figure 1. Effect of extinction training on the fear-potentiated startle. A, Timeline of behav-
ioral procedures for experiments B. B, Percentage of startle potentiation before ( pre-test),
during, and after three sessions of extinction training, context exposure, or light–shock ( post-
test). The degree of potentiation was significantly reduced only in the light-alone group. It is
noted that unpaired controls did not exhibit a decrease in startle responses. *p � 0.05, **p �
0.01, and ***p � 0.001 versus pretests.
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0.0001) and also a significant treatment � sessions interaction
(F(2,30) � 3.88; p � 0.05). As expected, rats in the light–shock
group showed a slight increase after three sessions of training
(t(5) � 2.82; p � 0.05). Together, these results indicate that fear
extinction is attributable to repeated presentations of light in the
absence of shock rather than to the exposure of experimental
context or the desensitization to conditioning stimuli. It is im-
portant to note that, when presenting the light-alone protocol to
unpaired rats that were exposed to the light and footshock in an
unpaired, pseudorandom manner, startle responses were not de-
creased to below the baseline level. This result suggests a selective
effect of extinction training on the learned association between
CS and US but not on the startle reflex itself.

We next examined whether the activated state of PI-3 kinase
induced by fear conditioning is affected after extinction trials.
Rats were exposed to the light repeatedly paired with footshock,
and behavioral tests were performed 24 hr later (Fig. 2A). Figure
2B shows that conditioned rats exhibited an increase in Akt phos-

phorylation after test compared with those of naive and unpaired
controls. The increase was transient and significant from 60 to
120 min after testing but not at other time points (F(6,35) � 24.32;
p � 0.001). Post hoc comparisons (Newman–Keuls) revealed the
differences between control and 60, 90, and 120 min time points
( p � 0.01). No change was observed when blotted membrane
was reprobed with an antibody that recognized Akt indepen-
dently of its phosphorylated state. To determine whether the
higher level of Akt phosphorylation in conditioned animals
shown here is indicative of induction after behavioral tests or a
persistent posttraining increase, we measured the level of Akt
phosphorylation 24 hr after training but before test. Figure 2B
also shows that the level of Akt phosphorylation in conditioned
rats 24 hr after training is not significantly different from those of
naive and unpaired controls. Thus, behavioral tests caused reac-
tivation of protein kinase.

After been conditioned, rats were divided into two groups:
light-alone and context control. Immunoblotting for phosphor-

Figure 2. Effect of extinction training on conditioning-induced Akt phosphorylation. A, Behavioral procedure used in experiment B. B, Time course of PI-3 kinase activation in paired as opposed
to those of unpaired and naive rats. Shown are the representative blots and mean � SE ratios of P-Akt/Akt immunoreactivities from rats decapitated at 30, 60, 90, 120, 150, and 180 min (n � 6 rats
in each time point) after pretests. The �10 min time point represents the level of Akt phosphorylation 24 hr after training but before test, whereas the 0 min time point is the value taken from naive
rats. *p � 0.01 versus unpaired control. C, Behavioral procedure used in experiment D. D, Rats received fear training in a paired or unpaired manner and were tested 24 hr later (pretest). Shown are
the representative blots and mean � SE percentage of P-Akt immunoreactivities from unpaired (lane 1) and paired (lane 2) rats decapitated at 60 min after pretest. Ten minutes after pretest, paired
rats were given light-alone trials (lane 3) or exposed to the context (lane 4 ), and the amygdala was removed for biochemical assay. The degree of Akt phosphorylation was significantly reduced in
the light-alone group. Bilateral infusion of FK-506 (10 �g dissolved in 1.6 �l of DMSO, 0.8 �l per side) before light-alone trials blocked dephosphorylation (lane 5). *p � 0.01 versus pretest.
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ylated Akt (P-Akt) was performed immediately after extinction
training (Fig. 2C). Figure 2D indicates that the degree of Akt
phosphorylation was significantly reduced in the light-alone
group (t(10) � 3.75; p � 0.01). In contrast, Akt phosphorylation
in the context control group was comparable with and not signif-
icantly different from the preextinction test (t(10) � 0.32; p �
0.75). These results suggest that memory testing-induced Akt
phosphorylation was abrogated after light-alone trials. Given that
synaptic plasticity may be governed by the balance between pro-
tein kinase and phosphatase activity (O’Dell and Kandel, 1994;
Winder and Sweatt, 2001), a decrease in the phosphorylated state
of Akt after extinction trials led us consider the possible involve-
ment of calcium-dependent phosphatase calcineurin. We deter-
mined the involvement of calcineurin by infusing FK-506, a cal-
cineurin inhibitor, bilaterally into the amygdala before extinction
training. As shown in Figure 2D, FK-506 treatment reversed
extinction-induced dephosphorylation.

We tested whether calcineurin inhibitors affected experimen-
tal extinction by giving cyclosporin A intravenously into the rats
before light-alone trials. This drug, which inhibits calcineurin by
forming complex with cyclophilin (Liu et al., 1991), dose-
dependently blocked extinction (F(1,10) � 255.5; p � 0.001) (Fig.
3). Conversely, rats that received vehicle showed a normal de-
crease in the startle after extinction trials (F(2,15) � 82.8; p �
0.001). Additional support for an involvement of calcineurin
came from the observation that direct injection of two other
calcineurin inhibitors FK-506 (10 �g dissolved in 1.6 �l of
DMSO, 0.8 �l per side) or cypermethrin (3 �g dissolved in 1.6 �l
of ethanol, 0.8 �l per side) into the amygdala blocked extinction.
Startle responses after light-alone trials in FK-506-treated (t(5) �
0.19; p � 0.85) or cypermethrin-treated (t(5) � 0.39; p � 0.71)
rats were comparable with their pretests. These results suggest
that FK-506 blocked memory extinction at the same dose that
inhibited P-Akt dephosphorylation. However, the effects of FK-
506 could reflect an enhancement of fear-potentiated startle
rather than a blockade of extinction (e.g., FK-506 elevated the

level of startle potentiation regardless of the extinction protocol).
To differentiate these possibilities, additional rats were matched
into four groups. Two groups (one group of vehicle-injected rats
and one group of FK-506-injected rats) received fear training,
whereas two other groups (one group of vehicle-injected rats and
one group of FK-506-injected rats) were exposed to the CS and
US in an unpaired, pseudorandom manner. We found that FK-
506 did not affect startle potentiation in either the unpaired
(t(10) � 0.48; p � 0.64) or paired (t(10) � 0.34; p � 0.74) groups
because there was no difference in the degree of potentiation
between vehicle- and FK-506 treated rats in both groups. In par-
allel to the startle results, FK-506 did not affect Akt phosphory-
lation. In both paired (t(10) � 0.15; p � 0.88) and unpaired (t(10)

� 0.59; p � 0.57) rats, Akt phosphorylation in vehicle group was
not different from that of FK-506 group.

If calcineurin is involved in the extinction, then one might
expect its activity to be regulated by extinction training. We as-
sayed calcineurin activity by measuring the released Pi from the
phosphopeptide substrate that was insensitive to okadaic acid but
could be blocked by FK-506. In the first series of experiments, rats
were assigned into three groups (naive, unpaired, and paired),
and each individual group was trained according to its own pro-
tocol. Subsequently, the release of Pi from LA and BLA was mea-
sured in each group. There was no difference among these three
groups. Next, conditioned rats were subjected to light-alone tri-
als, and calcineurin activity was measured after training. Figure
4A shows that, after extinction training, Pi release was enhanced
from 5.0 � 0.4 nmol Pi/min/mg (n � 6 rats) to 10.1 � 0.3 nmol
Pi/min/mg (n � 6; p � 0.001). Because it is possible that the
observed increase may be attributable to some unrelated factors
in the experimental procedure not specifically related to extinc-
tion, we repeated the experiments in the naive and unpaired an-
imals. The results indicated that calcineurin activity was not al-
tered in these animals (Fig. 4A).

We determined calcineurin protein levels after extinction
training. Fear conditioning did not affect the cytosolic level of
calcineurin (90.1 � 6.8%; n � 6 rats; p � 0.1). However, after
light-alone trials, calcineurin was significantly increased, which
peaked at 10 min after training and subsided within 60 min
(F(3,20) � 16.25; p � 0.001) (Fig. 4B). Newman–Keuls t tests
revealed that differences existed between control and 10 and 30
min time points ( p � 0.001 and p � 0.01, respectively). As a
control, the immunoreactivity for �-actin was checked and
found unchanged.

Discussion
Previous studies have shown that infusion of anisomycin shortly
after testing produced amnesia. This has led to the hypothesis
that memory, when reactivated, became vulnerable and sensitive
to disruption by protein synthesis inhibitors (Nader et al., 2000;
Sara, 2000). In the present study, we found that behavioral tests
(light plus noise) caused reactivation of kinase. The reactivation
of kinase may lead to new protein synthesis that is crucial for
memory reconsolidation. This could explain why memory be-
came labile when retrieved. Conversely, extinction training
(light-alone) resulted in dephosphorylation of Akt.

It is suggested that acquisition and extinction may share some
common mechanisms (Corcoran and Maren, 2001; Vianna et al.,
2001). For example, NMDA receptor and MEK inhibitors that
blocked the acquisition of fear (Miserendino et al., 1990; Schafe et
al., 2000) also blocked the extinction of conditioned fear (Falls et
al., 1992; Lu et al., 2001). Consistent with these results, we found
that wortmannin produced comparable effects on both acquisi-

Figure 3. Extinction training-induced reduction of fear memory is blocked by calcineurin
inhibitors. Percentage of startle potentiation before (pretest) and after three sessions of extinc-
tion training in conditioned rats given intravenous administration of cyclosporin A (5 or 20
mg/kg), bilateral amygdala infusion of FK-506 (10 �g dissolved in 1.6 �l of DMSO, 0.8 �l per
side), or cypermethrin (3 �g dissolved in 1.6 �l of ethanol, 0.8 �l per side) before light-alone
trials. *p � 0.01 and **p � 0.001 versus pretests.
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tion and extinction of fear memory (Lin et al., 2001; our unpub-
lished data). Furthermore, anisomycin, a protein synthesis inhib-
itor known to block acquisition of many memory tasks (Davis
and Squire, 1984), also blocked extinction of an inhibitory avoid-
ance task and the conditioned taste aversion (Berman and Dudai,
2001; Vianna et al., 2001) (but see Lattal and Abel, 2001). Thus, it
is possible that extinction training initiates calcium influx
through NMDA receptors in the amygdala. The increase in intra-
cellular calcium results in the activation protein kinases such as
PI-3 kinase and MAPK. Once stimulated, MAPK can translocate
to the nucleus, in which they activate cAMP response element-
binding protein (CREB) and unidentified transcriptional factors
to reactivate original memory on one hand and promote cal-
cineurin synthesis on the other hand. Calcineurin creates a
negative-feedback loop to suppress phosphorylation and weak-
ens the original memory. Thus, inhibition of protein synthesis

during or immediately after retrieval can result in either enhance-
ment or extinction of a learned response that is region or task
dependent and also depends on the balance between protein ki-
nase and phosphatase activity. When calcineurin activity induced
by extinction protocol exceeds the activity of protein kinase, in-
hibition of protein synthesis would block extinction and thus
strengthen memory. In contrast, if protein kinase activity domi-
nates, then anisomycin produces amnesia after memory
reactivation.

Calcineurin has long been implicated in the synaptic plastic-
ity. In the hippocampus, calcineurin is involved in both long-
term depression (Mulkey et al., 1994) and depotentiation (Zhuo
et al., 1999) and negatively regulates the transition between early
and late phases of LTP (Winder et al., 1998). Developmental shift
of NMDA receptor-dependent dephosphorylation of CREB is
mediated by calcineurin (Sala et al., 2000). Calcineurin also di-
rectly modulates AMPA (Banke et al., 2000), NMDA (Shi et al.,
2000), as well as GABAA receptor-channel kinetics (Jones and
Westbrook, 1997). In combination with behavioral and bio-
chemical experiments, we show here that activation of cal-
cineurin contributes to the extinction of fear memory. The iden-
tification of calcineurin as a molecular signal in memory liability
suggests a potential new target for the treatment of anxiety and
posttraumatic stress disorders.
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