
1436	 VOLUME 16 | NUMBER 10 | OCTOBER 2013  nature NEUROSCIENCE

a r t ic  l e s

Fear extinction, an animal model for exposure therapy, has provided 
important insight for treatment of aberrant fear-related disorders1–4. 
However, one intrinsic property of extinction has limited the effective-
ness of this well-established therapy: extinguished fear easily relapses 
even after extensive extinction (or exposure therapy)5,6. Together with 
other forms of fear relapse such as reinstatement and spontaneous 
recovery, fear renewal is thought to be one of the best models for 
studying recurrent relapses in patients with aberrant fear-related 
disorders1. To date, fear renewal has been studied mostly at the level  
of systems and behavior7–10. Elucidation of the precise molecular  
and cellular changes underlying fear renewal is believed to offer a 
promising target for pharmacological treatment of aberrant fear-
related disorders. However, recent efforts to treat these emotional 
disorders have mainly focused on thwarting fear relapse without pre-
cise knowledge of the molecular mechanisms involved in fear relapse, 
including renewal11–14.

Auditory fear conditioning has been used as a prevailing animal 
model for studying fear-related behaviors including fear renewal. The 
pairing of a tone (conditioned stimulus, CSt) and a shock (uncondi-
tioned stimulus) produces conditioned fear that may persist across 
the lifetime15. Thereafter, the presentation of the tone CSt alone elic-
its conditioned fear responses. However, repetitive tone presentation 
to the conditioned subject without a shock extinguishes the condi-
tioned fear responses (fear extinction). Notably, the extinguished  
fear remains extinguished only when the subject is tone tested in 

the context in which the extinction was performed, whereas the 
extinguished fear is rapidly relapsed or renewed when the subject is 
tone tested in the contexts other than where the extinction was per-
formed (fear renewal)1. Thus, both the tone CSt and proper context 
are required for fear renewal.

A large body of evidence suggests that fear renewal is a network 
phenomenon8,16 (Supplementary Fig. 1). It has been proposed that 
the LAn is the pivotal component of the regulation of the neural net-
work of fear renewal8. The LAn receives both CSt- and context-based 
excitatory inputs from the auditory thalamus and cortex, and the 
hippocampus, respectively17. This connectivity is also consistent with 
previous findings showing context- and hippocampus-dependent  
enhancement of CSt-evoked unit activity following renewal18,19. 
Furthermore, the LAn has been proposed to enhance central amy-
gdala activity via the basal amygdala20,21 and amygdala intercalated 
neurons22, both of which are critical for renewal9,16. In summary, 
the LAn receives two critical inputs required for renewal (that is, CSt 
and context) and sends its outputs to the nuclei that are important for 
fear renewal. Thus, acute plastic changes at LAn synapses in response  
to renewal-inducing stimuli may be crucial in fear renewal. To date, 
this possibility has not been tested.

One mechanism that may account for the rapid renewal of extin-
guished fear is the phosphorylation of synaptic AMPA-type glutamate 
receptors (AMPARs), particularly GluA1 subunits, which enhances 
either channel conductance23,24 or the lateral diffusion of AMPARs 
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Fear renewal, a widely pursued model of post-traumatic stress disorder and phobias, refers to the context-specific relapse of 
conditioned fear after extinction. However, its molecular mechanisms are largely unknown. We found that renewal-inducing 
stimuli, generally believed to be insufficient to induce synaptic plasticity, enhanced excitatory synaptic strength, activity of 
synaptic GluA2-lacking AMPA receptors and Ser831 phosphorylation of synaptic surface GluA1 in the lateral nucleus of the 
amygdala (LAn) of fear-extinguished rats. Consistently, the induction threshold for LAn synaptic potentiation was considerably 
lowered after extinction, and renewal occluded this low-threshold potentiation. The low-threshold potentiation (a potential  
cellular substrate for renewal), but not long-term potentiation, was attenuated by dialysis into LAn neurons of a GluA1-derived 
peptide that competes with Ser831-phosphorylated GluA1. Microinjections of the same peptide into the LAn attenuated fear 
renewal, but not fear learning. Our findings suggest that GluA1 phosphorylation constitutes a promising target for clinical 
treatment of aberrant fear-related disorders.
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from extrasynaptic sites to synaptic sites25,26. Among the phospho-
rylation sites of GluA1, Ser831 and Ser845 have been implicated 
in both synaptic plasticity and learning27–30. In particular, Ser831 
phosphorylation is positively correlated with long-term potentiation 
(LTP), a cellular model for learning and memory27. However, disrup-
tion of Ser831 phosphorylation alone fails to reveal any clear deficits 
in synaptic plasticity and learning31 (but see ref. 30). Thus, a role for 
Ser831 phosphorylation in synaptic plasticity and learning has not 
been fully characterized.

Here we extensively characterized LAn excitatory synapses follow-
ing fear renewal in brain slices prepared from behavior-trained rats 
(Supplementary Fig. 2). We found that Ser831 phosphorylation of 
GluA1 in fear renewal mediates a low-threshold potentiation at LAn 
synapses primed with previous extinction of conditioned fear.

RESULTS
Enhanced T-LAn synaptic efficacy with renewal
The thalamic input synapses onto the LAn (T-LAn synapses) are  
one of the major LAn excitatory input synapses, and a change in the 
function of these input synapses is known to have a marked effect 
on LAn neuronal activity and fear expression17. Thus, we sought to 
detect any change in the function of these input synapses following 
renewal. We adopted an ex vivo approach in which synaptic functions 
were assessed in acute brain slices prepared from behavior-trained 
rats (Supplementary Fig. 2). Three tone-shock pairings (or unpair-
ings) were presented on the first day of our experiments (day 1)  
and repeated on the next day (day 2). During extinction training  
(days 4–6), rats were repeatedly presented with a tone CSt without a 
foot shock. For renewal (day 7), fear-extinguished rats were placed in a 
different chamber (context C) from both the conditioning (context A)  
and extinction (context B) contexts, and were presented with a tone 
CSt without a foot shock (ABC-tone group). Different controls (naive 
group, extinction group, ABB-tone group and ABC-context group) 
were used to ensure that the effects seen with the renewal proto-
col required both the tone CSt and the renewal context (context C)  
(Supplementary Fig. 2a). In the extinction group, conditioned rats 

were fear-extinguished as in the ABC-tone group, but were not tone 
tested on day 7. In the ABB-tone group, conditioned rats were fear-
extinguished as in the ABC-tone group, but the fear-extinguished rats 
were then tone tested in the extinction context (context B) instead of 
the renewal context (context C) on day 7. The ABC-context group 
involved the same protocol as that used for the ABC-tone group, 
except that the fear-extinguished rats were exposed to the renewal 
context (context C) without tone testing on day 7. All slices were pre-
pared 6 d after initial conditioning (day 7). Brain slices were prepared 
immediately after a tone test (ABB-tone group and ABC-tone group) 
or context exposure (ABC-context group). To avoid possible bias, we 
performed our electrophysiological and behavioral experiments in 
an interleaved and blind fashion.

Synaptic efficacy at T-LAn synapses was assessed using whole-
cell voltage-clamp recordings in the slices prepared from naive or 
behaviorally trained rats. The renewal protocol, which successfully 
induced a strong relapse of extinguished fear, produced a substantial  
potentiation at T-LAn synapses as compared with the four controls 
(Fig. 1), and there was no significant difference among the four 
controls (P > 0.05 for all designated pairs, Newman-Keuls post-
test). We also compared series resistances of whole-cell recordings 
between the five groups and did not detect any significant differences  
(F4,45 = 0.3905, P = 0.8142). These results indicate that altered record-
ing conditions do not account for the observed results. Taken together, 
the enhancement of T-LAn synaptic efficacy appears to be strongly 
associated with fear renewal.

Given that renewed fear is known to be extinguished rapidly, it 
is possible that the synaptic change that we observed results from 
the extinction of renewed fear. To test this, we compared T-LAn  
synaptic efficacy between three groups (extinction, brief renewal  
and postrenewal-extinction groups). We used the extinction  
group as a control in which baseline T-LAn synaptic efficacy was 
estimated. In the brief renewal group, slices were prepared immedi-
ately after a very brief renewal protocol (5 s of tone presentation in  
the context C); that is, extinction of renewed fear, if any, should be 
minimal as a result of the brief tone presentation. In contrast, slices 
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Figure 1  Renewal-inducing stimuli produce a context-specific enhancement of synaptic efficacy at T-LAn synapses. (a) Pooled behavioral results. Left, 
levels of freezing during context exposure in ABB-tone group (n = 39 rats), ABC-context group (n = 54 rats) and ABC-tone group (n = 43 rats) on day 7 
(F2,133 = 1.905, P = 0.1529, one-way ANOVA). Right, levels of freezing during tone presentation in ABB-tone group (n = 39 rats) and ABC-tone group 
(n = 54 rats) on day 7 (t91 = 27.42, P < 0.05, unpaired t test). *P < 0.05. (b) Input-output curves for EPSCs in naive group, extinction group, ABB-tone 
group, ABC-context group and ABC-tone group (F4,45 = 7.701, P < 0.0001; naive, 3.57 ± 0.63 pA µA−1, n = 8 cells (8 rats); extinction group, 3.05 ± 
0.56 pA µA−1, n = 9 cells (9 rats); ABB-tone group, 3.10 ± 0.64 pA µA−1, n = 8 cells (8 rats); ABC-context group, 3.13 ± 0.44 pA µA−1, n = 7 cells 
(7 rats); ABC-tone group, 7.15 ± 0.84 pA µA−1, n = 14 (13 rats); P < 0.01 for all the four pairs, one-way ANOVA with Newman-Keuls post-test). Series 
resistances of whole-cell recordings were not different between the groups (naive, 17.62 ± 0.82 MΩ; extinction group, 16.93 ± 0.63 MΩ; ABB-tone 
group, 16.64 ± 0.78 MΩ; ABC-context group, 17.57 ± 0.70 MΩ; ABC-tone group, 17.39 ± 0.44 MΩ). For the behavioral procedure, see Supplementary 
Figure 2a. (c) Input-output curves for EPSCs in extinction group, postrenewal-extinction group and brief renewal group (F2,21 = 8.297, P = 0.0026; 
extinction group, 3.02 ± 0.57 pA µA−1, n = 8 cells (8 rats); brief renewal group, 7.17 ± 1.02 pA µA−1, n = 7 cells (7 rats); postrenewal-extinction 
group, 3.77 ± 0.68 pA µA−1, n = 7 cells (7 rats); P < 0.01 for all the two pairs, one-way ANOVA with Newman-Keuls post-test). For the behavioral 
procedure, see Supplementary Figure 2b. The representative traces are the averages of four responses evoked by input stimulations of 35 µA. Error  
bars represent s.e.m. Scale bars in b and c represent 20 ms and 100 pA.
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were prepared immediately after complete extinction of renewed fear 
in the postrenewal-extinction group (Supplementary Fig. 2b). The 
brief renewal protocol produced a substantial potentiation as com-
pared with the extinction group and the postrenewal-extinction group 
(Fig. 1c). There was no significant difference between the extinction 
group and the postrenewal-extinction group (P > 0.05, Newman-
Keuls post-test; Fig. 1c), indicating that extinction of renewed fear 
does not alter LAn synaptic strength. These findings suggest that the 
acute enhancement in LAn synaptic efficacy is not a result of extinc-
tion of renewed fear. Furthermore, the acute synaptic change induced 
by the very brief tone CSt indicates that this synaptic potentiation 
may be rapid enough to support fast expression of conditioned fear 
during renewal.

To determine whether the observed enhancement of T-LAn syn-
aptic efficacy is a result of a presynaptic or postsynaptic change, we 
examined miniature AMPAR-mediated excitatory postsynaptic cur-
rents (mEPSCs) that were sampled from evoked T-LAn synapses 
in five groups: naive, extinction, ABB tone, ABC context and ABC 
tone (Fig. 2). Although no substantial difference in the frequency of 
asynchronous mEPSCs was observed in the five groups (Fig. 2b), the 
mean amplitude distribution of mEPSCs was substantially shifted to 
the right in the ABC-tone group relative to other controls (Fig. 2a),  

and there was no significant difference among the four controls  
(P > 0.05 for all designated pairs, Newman-Keuls post-test). These 
results indicate that a postsynaptic function (that is, AMPAR function 
and/or number) may be enhanced following renewal.

We next examined the rectification index of AMPAR-mediated  
EPSCs, which correlates positively with enhanced activity of GluA2-
lacking AMPARs32. We compared rectification of EPSCs in five 
groups using a spermine-containing intracellular solution (Fig. 3a). 
EPSCs at LAn synapses showed a substantially higher rectification 
index in the ABC-tone group relative to the other four controls, 
and there was no significant difference among the four controls  
(P > 0.05 for all designated pairs, Newman-Keuls post-test). As an 
independent measure of enhanced activity of GluA2-lacking AMPARs, 
we examined whether AMPAR-mediated EPSCs become more  
susceptible to blockade by 1-naphthyl acetyl spermine (NASPM, a 
selective blocker for GluA2-lacking AMPARs) following renewal. 
The application of 50 µM NASPM inhibited AMPAR-mediated 
EPSCs to a substantially greater degree in the ABC-tone group 
compared with the four controls (Fig. 3b–g). Taken together,  
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Figure 2  Renewal-inducing stimuli enhance the amplitude of AMPAR-
mediated mEPSCs at T-LAn synapses in a context-specific manner. 
(a) Left, cumulative amplitude distributions of evoked mEPSCs in the 
presence of Sr2+ (naive, n = 8 cells (8 rats); extinction group, n = 7 cells 
(7 rats); ABB-tone group, n = 11 cells (11 rats); ABC-context group, n = 4 
cells (4 rats); ABC-tone group, n = 11 cells (11 rats); 300 events per cell, 
P < 0.01 for the ABC-tone group versus other control groups, Kolmogorov-
Smirnov test). Right, sample traces of evoked EPSCs in the presence 
of Ca2+ or Sr2+. Scale bars represent 50 ms and 10 pA. Note that the 
representative traces were further processed with a digital Gaussian filter 
for better display. (b) Left, mean amplitude of mEPSCs evoked in the 
presence of Sr2+ (F4,40 = 6.037, P = 0.0008; naive, 12.66 ± 0.36 pA; 
extinction, 12.12 ± 0.42 pA; ABB tone, 11.67 ± 0.35 pA; ABC context, 
11.95 ± 0.75 pA; ABC tone, 14.37 ± 0.57 pA; *P < 0.05, one-way 
ANOVA with Newman-Keuls post-test). Right, mean frequency of mEPSCs 
evoked in the presence of Sr2+ (naive, 6.04 ± 0.92 Hz; extinction, 5.68 ± 
0.55 Hz; ABB tone, 6.19 ± 1.03 Hz; ABC context, 6.97 ± 0.96 Hz; ABC 
tone, 6.29 ± 1.11 Hz; F4,40 = 0.1257, P = 0.9722, one-way ANOVA). 
Error bars represent s.e.m.

Figure 3  Renewal-inducing stimuli enhance 
GluA2-lacking AMPAR activity at T-LAn 
synapses in a context-specific manner. (a) The 
rectification index of synaptic AMPA currents 
was increased in the ABC-tone group relative  
to the four control groups (F4,31 = 5.292,  
P = 0.0028; naive, 2.64 ± 0.09, n = 8 cells  
(7 rats); extinction group, 2.69 ± 0.15, n = 5 
cells (5 rats); ABB-tone group, 2.83 ± 0.13,  
n = 6 cells (5 rats); ABC-context group, 2.83 ± 
0.04, n = 5 cells (4 rats); ABC-tone group,  
3.30 ± 0.15, n = 8 cells (6 rats); *P < 0.05  
for all the four pairs, one-way ANOVA with 
Newman-Keuls post-test). The reversal 
potentials did not change significantly among 
the five groups (F4,31 = 0.6574, P = 0.6268; 
naive, 15.0 ± 0.0 mV; extinction group, 15.0 ±  
0.0 mV; ABB-tone group, 14.67 ± 0.21 mV; 
ABC-context group, 15.0 ± 0.0 mV; ABC-tone group, 14.38 ± 0.63 mV). (b–f) NASPM inhibited AMPAR-mediated EPSCs in the ABC-tone group to a 
substantially greater degree than the other four controls (naive, n = 5 cells (5 rats); extinction, n = 7 cells (6 rats); ABB tone = 5 cells (5 rats); ABC 
context = 5 cells (5 rats); ABC tone = 7 cells (7 rats)). d-AP5 (50 µM) was included in the recording solution. (g) Results summary (F4,28 = 4.573,  
P = 0.0069; *P < 0.05 ABC tone versus all other groups, one-way ANOVA with Newman-Keuls post-test). Error bars represent s.e.m.
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these results suggest that the activity of GluA2-lacking AMPARs at 
LAn synapses was enhanced following renewal.

Enhanced Ser831 phosphorylation of GluA1 with renewal
We next searched for molecular changes associated with renewal. 
Given that the amplitude of mEPSCs changed following renewal, 
we predicted that there would be postsynaptic changes. It is widely 
held that phosphorylation of AMPARs, especially the C terminus of 
GluA1 subunit, is critical for enhancing synaptic AMPAR activity26,33. 
Among the known phosphorylation sites, Ser831 of GluA1 is known 
to be phosphorylated by Ca2+/calmodulin-dependent protein kinase 
type II (CaMKII) and protein kinase C (PKC) (but predominantly by 
CaMKII) after both LTP27 and learning34. To examine any changes 
in phosphorylation of synaptic surface AMPARs following renewal, 
we used a biochemical surface biotinylation technique to isolate the 
surface proteins of LAn synaptosomes of hippocampal cultures and 
slices35. We compared GluA1 phosphorylation in five groups: naive, 
extinction, ABB tone, ABC context and ABC tone.

The Ser831 phosphorylation of synaptic surface GluA1 was mark-
edly increased in the ABC-tone group relative to the naive and extinc-
tion groups (F2,8 = 28.35, P = 0.0009, one-way ANOVA; P < 0.05 for 
ABC tone versus naive controls or extinction group, Newman-Keuls 
post-test; Fig. 4a), without any significant changes in expression of 
synaptic surface GluA1 in these groups (F2,8 = 0.5929, P = 0.5821; 
Fig. 4a). There was no significant difference between naive controls 
and the extinction group (P > 0.05, Newman-Keuls post-test). Ser831 
phosphorylation was not changed in the ABB-tone and ABC-context 
groups relative to naive controls (F2,8 = 0.2665, P = 0.7747; Fig. 4b). In 
addition, Ser845 phosphorylation was not altered in the four groups 

(extinction, ABB tone, ABC context and ABC tone) relative to naive 
controls (GluA1-p845/GluA1,F2,8 = 0.1354, P = 0.8760 for Fig. 4a; 
GluA1-p845/GluA1, F2,8 = 1.568, P = 0.2832 for Fig. 4b). Thus, fear 
renewal appears to be associated with Ser831 phosphorylation, but 
not with Ser845 phosphorylation. This finding contrasts with previ-
ous reports demonstrating changes in both Ser831 and Ser845 phos-
phorylation during hippocampal learning29,34.

Tone CSt effects following renewal require prior extinction
Our results indicate that the acute enhancement that we observed in 
synaptic efficacy and GluA1 phosphorylation is associated with fear 
renewal. However, it is also possible that the changes observed fol-
lowing renewal are associated merely with a tone CSt that produces 
fear responses. To eliminate this possibility, we asked whether the 
mere presentation of a fearful tone CSt to conditioned rats alters LAn 
synaptic strength. Conditioned rats were subdivided into two groups. 
One group consisted of conditioned rats that were tone tested on day 7 
(conditioning-tone group) and the other consisted of conditioned rats 
that were exposed to the testing context without tone testing on day 7  
(conditioning-context group). The two groups of conditioned rats were 
exposed to the extinction context (context B), as was the extinction 
group, but did not receive tone CSts. Slices were prepared on the same 
day (day 7) from the two groups and the rats were killed immediately 
after the tone test or the context exposure (Supplementary Fig. 3a).

Presentation of a tone CSt did not produce any substantial change 
in the input-output relation in the conditioning-tone group as com-
pared with the conditioning-context group (Fig. 5a), consistent 
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Figure 4  Renewal-inducing stimuli enhance Ser831 phosphorylation of 
surface GluA1 in LAn synaptosomes in a context-specific manner. (a) Top, 
representative immunoblot. Bottom, pooled result showing that Ser831 
phosphorylation was enhanced in the ABC-tone group relative to the other 
controls (naive and extinction group). There was no significant difference 
across the three groups in terms of the amount of surface GluA1 from  
the LAn synaptosomes (naive, n = 3 (9 rats); extinction group, n = 3  
(9 rats); ABC-tone group, n = 3 (9 rats)). (b) Top, representative 
immunoblot. Bottom, there was no significant difference across the 
three groups (naive, ABB tone, ABC context) in terms of the Ser831 
phosphorylation level and the amount of surface GluA1 from the LAn 
synaptosomes (naive, n = 3 (9 rats); ABB-tone group, n = 3 (9 rats);  
ABC-context group, n = 3 (9 rats); GluA1-p831/GluA1, F2,8 = 0.2664,  
P = 0.7747, one-way ANOVA; GluA1, F2,6 = 0.1273, P = 0.8828,  
one-way ANOVA). The full blots are shown in Supplementary Figure 10. 
Error bars represent s.e.m.

Figure 5  The presentation of a tone CSt to 
conditioned rats does not change both synaptic 
efficacy and GluA1 phosphorylation at LAn 
synapses. (a) Input-output curves for EPSCs in 
conditioning-context group and conditioning-
tone group (conditioning tone, 8.50 ± 1.01 
pA µA−1, n = 16 cells (12 rats); conditioning 
context, 8.23 ± 0.94 pA µA−1, n = 21 cells  
(17 rats); t35 = 0.1957, P = 0.846, unpaired  
t test). The representative traces are the 
averages of four responses evoked by input 
stimulations of 35 µA. Scale bars represent 
20 ms and 100 pA. (b) Left, representative immunoblot. Right, pooled result showing that there was no significant difference between conditioning-
tone and conditioning-context groups in terms of the level of GluA1 phosphorylation and the amount of surface GluA1 from the LAn synaptosomes 
(conditioning-tone group, n = 3 (9 rats); conditioning-context group, n = 3 (9 rats); t2 = 0.5171, P = 0.6566 for GluA1-p831/GluA1, unpaired t test;  
t2 = 0.2586, P = 0.8201 for GluA1-p845/GluA1, unpaired t test). The full blots are shown in Supplementary Figure 10. Error bars represent s.e.m.  
For the behavioral procedure, see Supplementary Figure 3a.
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with our previous result36. The presentation of a tone CSt also did  
not induce any substantial change in GluA1 phosphorylation in 
the conditioning-tone group as compared with the conditioning-
context group (Fig. 5b). Thus, these findings, together with the 
results described above, suggest that a fearful tone CSt induces acute 
enhancement in both synaptic efficacy and GluA1 phosphorylation 
only when the fearful tone CSt is associated with renewal.

Low-threshold potentiation as a mechanism for renewal
Thus far, our results indicate that renewal is tightly associated with 
enhancement in LAn synaptic efficacy. However, fear renewal is trig-
gered by much weaker stimuli than those needed for amygdala syn-
aptic plasticity (for example, amygdala synaptic plasticity underlying 
fear memory formation), and it would be difficult to imagine that 
such weak stimuli is sufficient for the acute enhancement in LAn 
synaptic efficacy following renewal. One potential mechanism is that 
extinction of conditioned fear primes LAn synapses for subsequent 
renewal via a reduction of the threshold for synaptic potentiation. 
To determine whether the induction threshold of synaptic potentia-
tion is altered after extinction, we assessed the threshold for synaptic 
potentiation of field potentials using different numbers of stimulus 
pulses at 100 Hz in fear-extinguished rats. We found a clear difference 
in the induction of an intermediate-lasting potentiation (<60 min) 
between the extinction group and naive controls with four individual 
stimulus pulses at 100 Hz, but failed to detect any difference with 
six or more stimulus pulses, consistent with a lowered threshold of 
synaptic potentiation (Supplementary Fig. 4).

To confirm the findings based on field-potential recordings 
(Supplementary Fig. 4), we developed a pairing protocol (four indi-
vidual stimulus pulses at 100 Hz with a postsynaptic depolarization) 
to induce a low-threshold potentiation in whole-cell recordings. The 
pairing protocol was applied 5 min after the start of each whole-cell 
recording; the pairing protocol failed to induce low-threshold poten-
tiation when applied >5 min after the start of the whole-cell record-
ing, possibly as a result of a ‘washout’ effect (data not shown, also see 
ref. 37). During the first 3 min after the start of the whole-cell record-
ing, the amplitude of the baseline responses was set to ~150 pA. Data 
points collected 3–5 min after the start of the recording were used as 
a baseline and recordings that showed a baseline drift of >10% were 
discarded. To test the stability of the recordings, we recorded synaptic 
responses for >30 min without any treatments. In this condition, the 

synaptic responses were stable relative to the baseline (Fig. 6a); we 
obtained similar results in the control experiments (Fig. 6b,c).

We first determined whether pairing of both presynaptic stimula-
tion and postsynaptic depolarization is required for the induction 
of low-threshold potentiation. All slices were prepared on day 7  
(6 d after initial conditioning or unpairing; Supplementary Fig. 3b). 
Slices from the extinction group failed to show low-threshold poten-
tiation following the application of four stimulus pulses (100 Hz) to 
thalamic afferents when the postsynaptic neuron was held at −70 mV 
or in response to postsynaptic depolarization alone (40 ms in dura-
tion; data not shown). The pairing protocol (a 40-ms postsynaptic 
depolarization paired with the four stimulus pulses at 100 Hz) induced 
an instantaneous and lasting potentiation in the extinction group, but 
not in naive and unpaired-extinction controls (Fig. 6b–d). The proto-
col applied to the unpaired-extinction controls was the same as that 
applied to the extinction group except that the tones and shocks were 
not paired, thereby demonstrating the necessity of initial conditioning 
for eliciting a low-threshold potentiation. Taken together, these find-
ings suggest that extinction of conditioned fear induces a decrease in 
the induction threshold for LAn synaptic potentiation.

If the renewal-inducing stimuli cause low-threshold potentiation 
at LAn synapses, one would predict that further potentiation would 
be decreased or impaired in slices prepared after renewal. To test this 
possibility, we determined whether renewal occludes low-threshold 
potentiation. For this, slices were prepared either 1 d after the last 
extinction session (day 7) or immediately after fear renewal (which 
was performed 1 d after the last extinction session; day 7). The pairing 
protocol produced substantially less potentiation in the ABC-tone 
group than in the extinction group (Fig. 6e). The occlusion of low-
threshold potentiation by renewal suggests that fear renewal shares 
some mechanisms with the low-threshold potentiation.

Low-threshold potentiation requires Ser831 phosphorylation
Having observed that Ser831 phosphorylation of GluA1 following 
fear renewal is enhanced and that low-threshold potentiation is an 
underlying mechanism of fear renewal, we hypothesized that Ser831 
phosphorylation could be the molecular mechanism underlying 
both low-threshold potentiation and fear renewal. To test this pos-
sibility, we employed short peptide fragments (11-mers) to dissect 
the downstream consequences of endogenous GluA1 carboxyl tail 
phosphorylation at the Ser831 site. The short fragments contained  
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Figure 6  Induction threshold for T-LAn synaptic potentiation is lowered after extinction of conditioned fear. (a) Basal transmission without any 
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P = 0.0145; paired t test). (e) Renewal occluded this low-threshold potentiation. Pairing of four stimulus pulses with a postsynaptic depolarization 
induced significantly less potentiation in the ABC-tone group than in the extinction controls (first 10 min: extinction group, 125.4 ± 1.88% of baseline, 
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traces are the averages of four traces before and after the indicated treatment. Error bars represent s.e.m. Scale bars represent 10 ms and 50 pA.  
For the behavioral procedure, see Supplementary Figure 3b.
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a small part of GluA1 that included the Ser831 site, with the  
serine residue modified to a phosphomimetic aspartate (D) or non-
phosphorylatable alanine (A). We refer to these fragments as GluA1D 
peptide (LIPQQD831INEAI) and GluA1A peptide (LIPQQA831INEAI). 
The rationale for these phosphomimetic peptides is that phosphoryl
ation at the Ser831 site of endogenous GluA1 subunit is critical for 
binding to adaptor and auxiliary proteins and that this binding is 
important for downstream events leading to increased conductance 
or synaptic localization of the phosphorylated GluA1 subunits24,26,38. 
Thus, GluA1D peptide is expected to inhibit the downstream events 
by competing with the endogenous Ser831 phosphorylated GluA1 
subunits, whereas the non-phosphorylatable, non-phosphomimetic 
peptide and non-competing GluA1A peptide act as a negative con-
trol. Thus, inhibition by the GluA1D peptide, but not by the GluA1A 
peptide, would suggest that Ser831 phosphorylation of endogenous 
GluA1 subunits is important. A phosphorylated form39 or phospho-
mimetic form (see Fig. 7 of ref. 40) of peptide fragment has been used 
in a previous study.

We found that the GluA1D peptide specifically blocked low- 
threshold potentiation (Fig. 7a) compared with GluA1A peptide. 
Inclusion of the GluA1D peptide (300 µg ml−1) in internal solution 
attenuated low-threshold potentiation relative to the GluA1A pep-
tide (300 µg ml−1) (t20 = 2.298, P = 0.0325, unpaired t test; Fig. 7a), 
whereas neither peptide had a substantial effect on basal transmission 
in slices prepared from extinguished rats (Fig. 7b,c). These findings 
suggest that the GluA1D peptide inhibits low-threshold potentiation 
via competition with the corresponding carboxyl tail sequence in 
Ser831-phosphorylated GluA1 subunits.

Alternatively, this inhibitory effect by GluA1D peptide could be a 
result of a nonselective blocking of CaMKII and PKC, as the GluA1D 
peptide may compete for the active site of CaMKII and PKC. To rule 
out this possibility, we measured the kinase activities of CaMKII and 
PKC in the presence of these peptides and estimated both the efficacy 
and potency of these peptides as competitors for CaMKII and PKC. 
The GluA1D peptide showed little inhibitory effects on the enzy-
matic activities of either CaMKII or PKC (Supplementary Fig. 5).  

We then examined whether the GluA1D peptide could inhibit well-
known CaMKII-dependent processes such as amygdala LTP and cued 
fear conditioning41 at the concentration that we used. Consistent with 
the previous findings41, dialysis of AC3 peptide (300 µg ml−1), a general 
peptide inhibitor of CaMKII42, blocked LTP at T-LAn synapses relative 
to vehicle controls in slices prepared from naive rats. However, dialysis 
of the same concentration of the GluA1D peptide failed to inhibit LTP at 
the same synapses (Fig. 7d). Similarly, bilateral microinjection of a cell-
permeable form of GluA1D peptide (Tat-GluA1D peptide, 25 pmol) into 
the LAn of naive rats failed to inhibit the acquisition of fear memory, 
which requires CaMKII activity (Fig. 7e)41. These findings indicate that 
the GluA1D peptide did not affect the phosphorylation of the CaMKII 
substrates, which is in turn required for amygdala LTP and fear con-
ditioning. Thus, the GluA1D peptide, at the concentration we used, 
is not likely to act as a general inhibitor of CaMKII and PKC. Taken 
together, our findings suggest that Ser831 phosphorylation of endo
genous GluA1 subunits in LAn neurons is required for low-threshold 
potentiation, but not for long-term potentiation.

Fear renewal requires Ser831 phosphorylation
We next reasoned that, if Ser831 phosphorylation of GluA1 sub-
units is required for low-threshold potentiation, it could be the 
molecular basis for fear renewal. Accordingly, we asked whether 
the GluA1D peptide could attenuate fear renewal. We performed 
intracranial microinfusion of a cell-permeable form of GluA1D 
or GluA1A peptide (Tat-GluA1D peptide or Tat-GluA1A peptide;  
25 pmol, 60 min before the tone presentation for renewal) into the 
LAn of fear-extinguished rats (Supplementary Fig. 6). Microinfusion 
of Tat-GluA1D peptide into the LAn attenuated fear renewal 
(ABC renewal) compared with the control peptide (Tat-GluA1A 
peptide–infused group and the vehicle-infused group; Fig. 8)  
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Figure 7  The GluA1D peptide inhibits low-threshold potentiation, but not 
LTP or fear conditioning. (a) Inclusion of GluA1D peptide in the internal 
solution inhibited the low-threshold potentiation relative to GluA1A 
peptide in slices prepared from fear-extinguished rats (GluA1A, 122.7 ±  
6.37% of baseline, n = 13 cells (12 rats); GluA1D, 103.6 ± 3.79% of 
baseline, n = 9 cells (9 rats)). The representative traces are superimposed 
averages of EPSCs obtained before and 20 min after pairing. Scale bars 
represent 10 ms and 100 pA. (b,c) Inclusion of GluA1A peptide (b) or 
GluA1D peptide (c) in the internal solution did not have a significant 
effect on basal synaptic transmission in slices prepared from fear-
extinguished rats (GluA1A peptide, 106.2 ± 6.02 of baseline, n = 4 cells 
(4 rats), t3 = 1.026, P = 0.3806, paired t test; GluA1D peptide, 98.34 ± 
4.69% of baseline, n = 10 cells (9 rats), t9 = 0.3549, P = 0.7309,  
paired t test). (d) The GluA1D peptide did not affect LTP at the T-LAn 
synapses in slices prepared from naive rats, but this potentiation was 
blocked by the AC3 peptide, a well-known CaMKII inhibitor (vehicle,  
n = 5 cells (5 rats); GluA1D peptide group, n = 5 cells (5 rats); AC3 group, 
n = 5 cells (5 rats); F2,12 = 5.945, P = 0.0161; P < 0.05, AC3 group 
versus vehicle or GluA1D peptide group, one-way ANOVA with Newman-
Keuls post-test). (e) Left, microinjection of the GluA1D peptide into the 
LAn of naive rats did not have any significant effect on fear conditioning 
(naive, n = 15 rats and Tat-GluA1D peptide group, n = 13 rats; 3 h after 
fear conditioning, t26 = 0.2052, P = 0.84, unpaired t test; 24 h after  
fear conditioning, t26 = 0.8937, P = 0.38, unpaired t test). Right, 
schematic representation of the injector cannula tips. Histological  
plates illustrating the injection site in the LAn were adopted from the  
rat brain atlas50. Error bars represent s.e.m.
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and there was no significant difference between the two control 
groups (P > 0.05, Newman-Keuls post-test; Fig. 8a).

To determine whether the Tat-GluA1D peptide effect is specific to 
renewal, we examined the effects of Tat-GluA1D peptide on retrieval 
of conditioned fear. Microinfusion of Tat-GluA1D peptide into the 
LAn of conditioned rats (60 min before the tone presentation for 
memory retrieval) did not alter retrieval of conditioned fear as com-
pared with the vehicle-infused group (P > 0.05, unpaired t test; Fig. 8d 
and Supplementary Fig. 7). In addition, the effect observed with 
Tat-GluA1D peptide was not attributable to nonspecific increases in 
anxiety levels or motility. Microinjection of Tat-GluA1D peptide into 
the LAn of fear-extinguished rats did not change exploratory behavior 
in an open field in Tat-GluA1D–injected groups relative to vehicle 
controls (Fig. 8e and Supplementary Fig. 7). Thus, these findings 
suggest that the Ser831 phosphorylation of GluA1 subunits in the 
LAn is required for fear renewal, but not for fear conditioning. Taken 
together, our findings suggest a unique role for Ser831 phosphoryla-
tion of GluA1 subunits in plasticity and learning.

DISCUSSION
Our findings suggest a mechanism underlying fear renewal: renewal 
involves acute enhancement in the efficacy of the input synapses onto 
the LAn. Excitatory synaptic strength, GluA2-lacking AMPAR activity 
and Ser831 phosphorylation of GluA1 in the LAn are all enhanced in a 
context-specific manner, as is fear renewal8,16. Notably, a threshold for 
LAn synaptic potentiation appeared to be reduced after extinction and 
renewal occluded subsequent low-threshold potentiation, suggesting 

that renewal shares some mechanisms with the low-threshold potentia-
tion. The GluA1D peptide, which competes with Ser831-phosphorylated 
GluA1 subunits, inhibited the low-threshold potentiation, and the cell-
permeable form of the peptide attenuated fear renewal when micro-
infused into the LAn. These findings suggest that both low-threshold 
potentiation and renewal require phosphorylation of GluA1 subunits 
at Ser831 in LAn synapses and that renewal may be triggered, at least 
in part, through low-threshold potentiation–like mechanisms.

Considerable progress has been made in understanding the neural 
network responsible for the context-specific modulation of condi-
tioned fear after extinction16. Depending on the memory retrieval 
context (that is, extinction or renewal context), the hippocampus 
selectively drives one of the two distinct neural circuits, resulting 
in either suppression or renewal of conditioned fear16. When fear- 
extinguished subjects are tested in the extinction context, the hippo
campus is believed to drive a prefrontal activation of both amygdala 
intercalated neurons20 and ‘extinction neurons’ in the basal amy-
gdala9, thereby suppressing fear expression. Following renewal, pre-
frontal activation is reduced, whereas the hippocampus is thought to 
enhance activity of ‘fear neurons’ in the basal amygdala9,43, leading 
to renewed fear. The LAn synaptic mechanisms that we observed 
fit nicely with this neural network of fear renewal. First, the LAn 
low-threshold potentiation was associative, requiring postsynaptic 
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Figure 8  Microinjection of a cell–permeable form of the GluA1D  
peptide into the LAn attenuates fear renewal. (a) Left, freezing levels in 
response to the first tone CSt on day 3. This was the first tone testing  
after conditioning, and the peptides were not injected at this stage.  
There was no significant difference in freezing levels between the three  
groups (F2,48 = 0.4628, P = 0.6324, one-way ANOVA). Right, 
microinjection of Tat-GluA1D peptide into the LAn impaired fear renewal 
relative to the GluA1A-infused and vehicle-infused groups (Tat-GluA1A 
peptide, 63.94 ± 6.82%, n = 15 rats; Tat-GluA1D peptide, 39.92 ± 
6.23%, n = 23 rats; vehicle, 69.55 ± 4.22%, n = 11 rats; F2,48 = 6.371, 
P = 0.0036; **P < 0.01 Tat-GluA1D peptide versus the other groups, one-
way ANOVA with Newman-Keuls post-test). The peptides were injected 60 
min before the tone presentation for renewal on day 6. For the behavioral 
procedure, see Supplementary Figure 6. (b) Schematic representation 
of injector cannula tips. Histological plates illustrating the injection 
site in the LAn were adopted from the rat brain atlas50 (left, Tat-GluA1D 
peptide; middle, Tat-GluA1A peptide; right, vehicle). (c) Diffusion of 
the fluorescent dansyl-tat-GluA1D peptide (1.5 nmol) within 1 h after 
microinjection, as visualized by confocal microscopy (left). The white 
arrowhead indicates the end of the injector cannula. Peptide transduction 
into individual LAn neurons at high magnification (right). The white 
dashed lines indicate the boundaries for the subnuclei of the amygdala 
(LAn, lateral nucleus of amygdala; Ce, central nucleus of amygdala; BLA, 
basolateral nucleus of amygdala). (d) Microinjection of the Tat-GluA1D 
peptide into the LAn of naive rats did not have any significant effect on 
retrieval of conditioned fear (vehicle group, n = 6 rats; Tat-GluA1D peptide 
group, n = 5 rats; t9 = 0.5306, P = 0.6085, unpaired t test). Conditioned 
fear memory was retrieved by tone-testing 24 h after conditioning.  
(e) Microinjection of Tat-GluA1D peptide into the LAn of fear-extinguished 
rats did not alter exploratory behavior in an openfield relative to vehicle 
controls (microinjection of the peptide or vehicle was performed 90 min 
before the test; 25 pmol of the peptide was microinjected 60 min before 
the test; Tat-GluA1D, n = 9 rats; vehicle, n = 7 rats; percentage time in 
center, t14 = 0.7262, P = 0.4797, unpaired t test; distance traveled,  
t14 = 0.4758, P = 0.6416, unpaired t test). The open field test 
was performed using fear-extinguished rats on day 6. Schematic 
representation of the injector cannula tips is presented in Supplementary 
Figure 7. Error bars represent s.e.m.
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depolarization coupled to CSt-based synaptic inputs. Thus, when 
extinguished fear is renewed, context-based excitatory inputs onto 
LAn neurons from the hippocampus18,19 may provide a source for the 
postsynaptic depolarization, permitting the acute synaptic enhance-
ment following tone CSt input. Next, the resulting increased output 
from LAn neurons may drive the activation of fear neurons9 in the 
basal amygdala, as LAn neurons are known to send excitatory inputs 
to basal amygdala neurons20,21. Another possibility is that it may 
produce the disynaptic inactivation of amygdala intercalated neu-
rons22, which leads to central amygdala disinhibition, thereby pro-
ducing fear relapse. In this context, LAn neurons could be regarded 
as integrators for CSt- and context-driven neural inputs from sensory 
and upstream modulatory brain regions, providing a decisive danger 
signal to downstream brain regions. Further studies will be required 
to verify the precise functional connections between the groups of 
neurons involved and the relative contributions of each connection 
to fear renewal.

Excitatory input synapses onto the LAn are known to exhibit a 
long-term potentiation of synaptic strength, and the enhanced syn-
aptic efficacy at LAn input synapses is thought to be a cellular sub-
strate underlying conditioned fear memory44. Although extinction 
of conditioned fear is also thought to be a network phenomenon, as 
mentioned above3,16, additional evidence has suggested a weaken-
ing (or a depotentiation) of some of the original fear memory traces  
(or conditioning-induced synaptic potentiation at LAn synapses) after 
extinction35,45–47. In this context, the acute synaptic enhancement 
at the low-threshold synapses in the LAn following renewal could 
be envisioned as the reconstruction of the original memory traces.  
In other words, at least some of the information encoded by initial  
fear conditioning could be retained after extinction as a different  
form of synaptic plasticity (that is, a reduction in the threshold 
for synaptic potentiation). One prediction from the reconstruc-
tion hypothesis is that acute enhancement in LAn synaptic efficacy  
following renewal occurs exclusively at the depotentiated synapses 
(that is, only the depotentiated synapses are low-thresholded), but 
testing this prediction will require new techniques for identifying the 
depotentiated synapses.

The seeds of renewal appear to be sown in extinction of condi-
tioned fear as a means of reducing the threshold for synaptic poten-
tiation at LAn synapses. This type of mechanism has been defined 
as metaplasticity48, in which previous learning stimuli produce a 
long-term change of the threshold for subsequent plasticity induc-
tion. Albeit preliminary, we tested two independent possibilities. One 
possibility is that extinction dephosphorylates the Ser831 sites while 
other conditioning-induced changes are spared, and the threshold of 
re-potentiation following renewal is therefore lowered, as only the 
Ser831 site needs to be re-phosphorylated. However, this was not the 
case: the conditioning-induced enhancement in Ser831 phosphory
lation appeared to return to baseline even without fear extinction 
(Supplementary Fig. 8). The second possibility is that extinction 
produces GluA1 nitrosylation, which is known to facilitate Ser831 
phosphorylation49. In fact, we observed enhanced GluA1 nitrosyla-
tion after extinction (Supplementary Fig. 9). Thus, it is possible that 
this extinction-induced nitrosylation of GluA1 underlies a reduction 
in the threshold for Ser831 phosphorylation and for LAn synaptic 
potentiation. Future work will be necessary to determine the molecu-
lar identity for this metaplastic process in more details. Our findings 
imply the presence of a previously unknown form of in vivo meta-
plastic processes (that is, an altered threshold of plasticity induction) 
and lay the foundation for a new and effective strategy for treating 
aberrant relapse of fear memory–related diseases.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Behavioral procedures. All procedures were approved by the Institute of 
Laboratory Animal Resources of Seoul National University. Male Sprague-Dawley 
rats (3–5 weeks old) were maintained with free access to food and water and 
group housed (1–3 rats per cage) under an inverted 12/12-h light/dark cycle 
(lights off at 09:00 h). Behavioral training was done during the dark portion of the 
light/dark cycle. For fear conditioning in all experiments except those shown in 
Figures 7e and 8, rats were placed in a conditioning chamber and left undisturbed 
for 2 min. A neutral tone (30 s, 2.8 kHz, 85 dB) co-terminating with an electrical 
foot shock (1.0 mA, 1 s) was then presented three times at an average interval  
of 100 s (day 1). The three tone-shock pairings were repeated the next day  
(day 2). At each of the days, rats were returned to their home cages 60 s after 
the last shock was applied. For extinction training (days 4 through 6), rats were 
placed in the new chamber, allowed to settle for 4 min, and then presented with  
20 (day 4) and 15 shock-free tones (day 5 and 6), respectively, at an average inter-
val of 100 s. A Plexiglas chamber distinct from conditioning chamber was used 
for both extinction training and tone test. For renewal (day 7), fear-extinguished 
rats were placed in the novel chamber for 4 min and then given the same neutral 
tone for 30 s, but without a foot shock. Brain slices were prepared immediately 
after a tone test (extinction-tone controls and renewal groups) or context expo-
sure (context control) on day 7. Conditioned freezing was defined as immobility 
except for respiratory movements and was quantified by trained observers who 
were blind to the experimental groups. Total freezing time during a test period 
was normalized versus the duration of the tone presentation (30 s) or context 
exposure. For the experiments shown in Figures 7e and 8, no fear conditioning 
was performed on day 1, so the rats received only the three tone-shock pair-
ings (0.5 mA and 1 s) on day 2. In Figure 8, the subsequent procedures were as 
described above, except that the tone stimulus used for both memory testing and 
renewal was 60 s in duration. To test general activity and anxiety of rats, open field 
test was performed. Rats were placed in an open field that consisted of a square 
divided it into peripheral (within 20 cm from the walls) and central (40 × 40 cm) 
zones for 10 min. The total distance moved in the arena and the time spent in 
the central zone were measured using EthoVision 3.1 software (EthoVision 3.1, 
Noldus Information Technology).

Cannula implantation and peptide infusion. Rats were anesthetized with an 
intraperitoneal injection of pentobarbital sodium (50 mg per kg), mounted on 
a stereotaxic apparatus (Storting), and 26-gauge stainless-steel cannulas (model 
C315G, Plastic Products) were implanted bilaterally into the LAn (anterior- 
posterior; − 2.35 mm, medial-lateral; ± 5.05 mm and dorsal-ventral; − 6.7 mm)  
using previously described techniques35,51. A 32-gauge dummy cannula was 
inserted into each cannula to prevent clogging. Two jewelry screws were implanted 
over the skull to serve as anchors, and the whole assembly was affixed on the skull 
with dental cement. Rats were given at least 1 week to recover before experiments 
were performed. Following completion of the experiments, the intra-LAn place-
ment of the injection cannula tips was confirmed. Briefly, rats were anesthetized 
with urethane (1 g per kg of body weight, intraperitoneal) and transcardially 
perfused with 0.9% saline solution (wt/vol) followed by 10% buffered formalin 
(vol/vol). Brains were removed and post-fixed overnight. Coronal sections (80 µm 
thick) were cut using a vibroslicer (NVSL, World Precision Instruments), stained 
with cresyl violet, and examined under a light microscope. For the microinfusion 
of peptides, Tat-GluA1–derived peptides (Peptron) were dissolved in artificial 
cerebrospinal fluid (aCSF). The peptides were administrated bilaterally into the 
LAn via 33 gauge injector cannulas (C315I, Plastic Products) attached to a 10-µl 
Hamilton syringe at a rate of 0.25 µl min−1 (60 min before tone presentation in 
the renewal group or the start of the open field test). Following peptide infusion, 
the cannulas were left in place for an additional minute to allow the peptides to 
diffuse away from the cannula tip. The dummy cannulas were then replaced and 
the rats were returned to their home cages.

Slice preparation. Brain slices were prepared using previously described tech-
niques35. In brief, Sprague-Dawley rats (4–5 weeks old) were anesthetized with 
isoflurane and decapitated. Whole brains were isolated and placed in an ice-cold 
modified aCSF solution containing 175 mM sucrose, 20 mM NaCl, 3.5 mM KCl, 
1.25 mM NaH2PO4, 26 mM NaHCO3, 1.3 mM MgCl2 and 11 mM D-(+)-glucose, 
and were gassed with 95% O2/5% CO2. Coronal slices (300 µm) including the 
LAn were cut using a vibroslicer (HA752, Campden Instruments) and incubated 

in normal aCSF containing 120 mM NaCl, 3.5 mM KCl, 1.25 mM NaH2PO4,  
26 mM NaHCO3, 1.3 mM MgCl2, 2 mM CaCl2 and 11 mM D-(+)-glucose,  
and was continuously bubbled at 23–24 °C with 95% O2/5% CO2. Just before 
a given slice was transferred to the recording chamber, the cortex over
lying the LAn was cut away with a scalpel so that the addition of picrotoxin 
(100 µM, Sigma-Aldrich) would block cortical epileptic burst discharges from  
invading the LAn.

Afferent stimulation and recording conditions. We chose brain slices con-
taining a well-isolated, sharply defined trunk (containing thalamic afferents) 
crossing the dorsolateral division of the LAn where the somatosensory and 
auditory inputs converge52. The sizes of the LAn and central amygdala were 
relatively constant in the used slices; when multiple trunks were observed, we 
used the closest trunk to the central nucleus of the amygdala. Unless otherwise 
noted, thalamic afferents were stimulated at a frequency of 0.067 Hz using a 
concentric bipolar electrode (MCE-100, Rhodes Medical Instruments). The 
stimulation electrode was placed at the midpoint of the trunk between the 
internal capsule and the medial boundary of the LAn. Regions and cells of 
interest for all recordings were located beneath the midpoint of the trunk 
spanning the LAn horizontally.

Whole-cell patch-clamp recordings. Whole-cell recordings were made using an 
Axopatch 200A amplifier or Multiclamp 700A (Molecular Devices, Sunnyvale, CA).  
For experiments that required a higher quality of voltage clamping (Figs. 1– 
3a and 5), recordings were obtained using a cesium-based internal solu-
tion containing 100 mM cesium gluconate, 0.6 mM EGTA, 10 mM HEPES,  
5 mM NaCl, 20 mM TEA, 4 mM Mg-ATP, 0.3 mM Na-GTP and 3 mM QX314 
with the pH adjusted to 7.2 with CsOH and the osmolarity adjusted to around  
297 mmol kg−1 with sucrose. In the remaining experiments, the pipettes were 
filled with a potassium-based internal solution containing 120 mM potassium 
gluconate, 0.2 mM EGTA, 10 mM HEPES, 5 mM NaCl, 1 mM MgCl2, 2 mM 
Mg-ATP and 0.3 mM Na-GTP, with the pH adjusted to 7.2 with KOH. The cells 
used were classified as principal neurons on the basis of the pyramidal shape of 
their somata and their ability to show spike-frequency adaptation in response to  
current injection in potassium-filled cells and the slower decay time of sponta-
neous EPSCs in cesium-filled cells (see also supplementary texts in ref. 35 for 
additional details). We included picrotoxin (100 µM) in our recording solution 
to isolate excitatory synaptic transmission and block feed-forward GABAergic 
inputs to the principal neurons in the LAn. The pipette resistances ranged from 
2.5 to 3.5 MΩ. Infrared differential interference contrast–enhanced visual guid-
ance was used to select neurons that were 3–4 cell layers below the surface of the  
300-µm-thick slices, which were held at 32 ± 1 °C. The neurons were voltage 
clamped at −70 mV, and the various solutions were delivered to the slices via gravity- 
driven superfusion at a flow rate of 1.5 ml min−1. The pipette series resistance 
was monitored throughout each experiment, and the data were discarded if it 
changed by >20%. Whole-cell currents were filtered at 1 kHz, digitized at up to  
20 kHz, and stored on a microcomputer (Clampex 8 software, Molecular Devices). 
Pairing-induced low-threshold potentiation was induced by four individual 
stimulus pulses at 100 Hz with postsynaptic depolarization (0 or −10 mV for 
40 ms). The LTP induction protocol for Figure 7d consisted of a 30-Hz tetanus 
(100 pulses, given twice with a 20-s interval at test intensity). One or two neurons 
were recorded per rat (a single neuron per slice). All recordings were initiated by 
4 h after slice preparation, mainly because of cell viability in the 300-µm-thick 
slices. For better display, running averages of four or six data points were applied 
in the time-lapse experiments.

Analysis of evoked mEPSCs. AMPAR-mediated, asynchronous evoked mEPSCs 
were collected during a 400-ms period beginning 50 ms after each stimulus of a 
1.67-Hz, ten-pulse train delivered once every 30 s in a bath solution containing 
d-AP5 (50 µM, Tocris), 5 mM MgCl2 and 3 mM Sr2+ (or d-AP5, 5 mM MgCl2 
and 3 mM Ca2+ for the measurement of synchronous evoked EPSCs before each 
Sr2+ experiment). Quantal events were analyzed using the Minianalysis software 
(Synaptosoft) with the detection parameters set at amplitude >6 pA and rise time 
<3 ms, and the results were visually verified. For each cell, a random stretch of 
300 mEPSCs was used to construct a cumulative probability plot and calculate 
the mean mEPSC amplitude. Data from the cumulative EPSC histograms were 
statistically compared using the Kolmogorov-Smirnov test.
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Estimation of rectification index. The rectification index was calculated as the 
ratio of the peak amplitudes (EPSChyperpolarized/EPSCdepolarized) obtained with 
an internal solution that contained spermine (100 µM). The reversal potential 
(Erev) was measured in each experiment. This method is based on the fact that 
AMPARs lacking GluA2 subunits display inward rectification due to the voltage- 
dependent block of the channel pore by polyamines at positive membrane 
potentials32. The rectification index (Erev −60 mV / Erev + 30 mV) was compared  
20 min after the start of whole-cell recordings to ensure complete diffusion of 
the exogenous spermine into the cell interior. d-AP5 (50 µM) was applied 5 min  
before the rectification index estimation, allowing us to isolate the AMPAR- 
mediated EPSCs at positive potentials.

Biochemical measurements of surface AMPARs on LAn synaptosomal mem-
branes. Biotinylation experiments monitoring the expression of surface AMPARs 
were performed as described previously35,53,54 with modifications. LAn areas 
microdissected from 400-µm-thick brain slices were pooled (three to four  
pieces per rat), incubated with aCSF containing 1 mg ml−1 sulfosuccinimidyl-6-
(biotinamido) hexanoate (Pierce Chemical) for 30 min on ice, and then quenched 
by two successive 20-min washes in aCSF containing 100 mM glycine, followed by 
two washes in ice-cold TBS (50 mM Tris, pH 7.5, 150 mM NaCl). The microdis-
sected LAn were then lysed in ice-cold homogenization buffer containing 10 mM  
Tris (pH 7.6), 320 mM sucrose, 5 mM NaF, 1 mM Na3VO4, 1 mM EDTA and  
1 mM EGTA. A 10-µg aliquot of each lysate was retained as a total protein frac-
tion, and the remainder was centrifuged at 1,000 g for 10 min at 4 °C for removal of 
nuclei and large debris. The supernatant was further centrifuged at 10,000 g at 4 °C 
for 30 min to obtain a crude synaptosomal fraction, which was then lysed in modi-
fied RIPA buffer containing 50 mM Tris (pH 7.6), 150 mM NaCl, 5 mM NaF, 1 mM 
Na3VO4, 0.5% Triton X-100 (vol/vol), 0.5% sodium deoxycholate (wt/vol), 0.1% 
SDS (wt/vol), 1 mM phenylmethylsulfonyl fluoride, 100 µg ml−1 aprotinin and  
100 µg ml−1 leupeptin. The samples were sonicated and spun down at 15,000 g at 
4 °C for 15 min. The supernatant was mixed with 400 µl of modified RIPA buffer 
and 100 µl of 50% Neutravidin agarose (vol/vol, Pierce Chemical Company), and 
incubated for 3 h at 4 °C, for isolation of the biotinylated proteins from the crude  
synaptosomal complexes. The Neutravidin agarose was washed four times with 
modified RIPA buffer, and the bound proteins were eluted with SDS sample 
buffer by boiling for 5 min. The isolated biotinylated proteins were subsequently 
analyzed by immunoblotting with monoclonal antibody to GluA1 (1:1,000, SC-
13152, Santa Cruz Biotechnology), monoclonal antibody to p-Ser-831 (1:1,000, 
04-823, Millipore), polyclonal antibody to p-Ser-845 (1:1,000, ab-5849, Millipore). 
The immunoblot was probed with a horseradish peroxidase–conjugated second-
ary antibody (donkey antibody to rabbit IgG: 1:5,000, 711-035-152; donkey anti-
body to mouse IgG: 1:5,000, 715-035-150; Jackson ImmunoResearch) for 1 h and  

developed using an ECL-based immunoblotting detection system (Pierce 
Chemical Company). The relative optical densities of the bands were quanti-
fied using the ImageJ image analysis software (US National Institutes of Health). 
We confirmed equal loading of proteins based on densitometric quantification 
of silver-stained band profiles obtained from gels that were pre-run with small 
aliquots of the loaded samples. The linearity of the immunoblotting results was 
confirmed by analyzing the relative optical band densities of serially diluted sam-
ples (amygdala whole-cell extracts) loaded on each gel. The optical densities of 
the GluA1 bands in the extinction and renewal groups were normalized with 
respect to those of the control group in each experiment. It should be noted that 
the best results for the Western experiments could be obtained when all the pro-
cedures were completed within 48 h. Initially, we experienced a great difficulty 
with quantitation of synaptosomal surface proteins using a silver staining method, 
especially when we handled more than three experimental groups (Fig. 5). Thus, 
we had to further divide the five groups in two, each included naive controls for 
comparison; one group of naive controls, extinction group, ABC-tone group and 
the other group of naive controls, ABB-tone group, ABC-context group in the 
Figure 5 experiments.

Statistical analysis. Sample size were determined post hoc on the basis of those 
used in our previous studies35,36,51. Subjects were randomly assigned to the 
experimental groups by a person who was not involved in the experiments. No 
subjects or data points were excluded for further data analyses. Data distribu-
tion was assumed to be normal but this was not formally tested. Between-group 
comparisons of data were made using either a two-sided unpaired t test or one-
way ANOVA with subsequent Newman-Keuls post hoc comparison. A two-sided 
paired t test was used to determine whether the post-treatment responses differed 
significantly from the baseline responses. P < 0.05 was considered indicative 
of statistical significance. The data from each neuron and slice were treated as 
independent samples. In all experiments with behaviorally trained rats, the data 
include samples from three or more rats.
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(2007).
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