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There is conflicting evidence regarding whether calcium-permeable receptors are removed
during group I mGluR-mediated synaptic depression. In support of this hypothesis,
AMPAR rectification, a correlative index of the synaptic expression of GluA2-lacking
calcium–permeable AMPARs (CP-AMPARs), is known to decrease after the induction of
several types of group I mGluR-mediated long-term depression (LTD), suggesting that
a significant proportion of synaptic CP-AMPARs is removed during synaptic depression.
We have previously demonstrated that fear conditioning-induced synaptic potentiation
in the lateral amygdala is reversed by group 1 mGluR-mediated depotentiation. Here,
we examined whether CP-AMPARs are removed by mGluR1-mediated depotentiation of
fear conditioning-induced synaptic potentiation. The synaptic expression of CP-AMPARs
was negligible before, increased significantly 12 h after, and returned to baseline 48 h
after fear conditioning, as evidenced by the changes in the sensitivity of lateral amygdala
synaptic responses to NASPM. Importantly, the sensitivity to NASPM was not altered after
induction of depotentiation. Our findings, together with previous results, suggest that the
removal of CP-AMPARs is not required for the depotentiation of fear conditioning-induced
synaptic potentiation at lateral amygdala synapses.
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INTRODUCTION
Calcium-permeable AMPA receptors (CP-AMPARs) are
expressed transiently in excitatory neuron synapses but have
been shown to be rapidly removed upon group 1 metabotropic
glutamate receptor (mGluR) stimulation (Bellone and Lüscher,
2005, 2006; Clem and Huganir, 2010; McCutcheon et al.,
2011; Loweth et al., 2013). Group 1 mGluR-induced synaptic
depression also reduces the CP-AMPAR-mediated current in
GABAergic neurons (Kelly et al., 2009), suggesting that group 1
mGluRs may specifically target these CP-AMPARs for synaptic
removal. However, mGluR-LTD has been described in a wide
variety of synaptic circuits that generally lack pre-existing
CP-AMPAR expression (for review, see Lüscher and Huber,
2010). Moreover, some types of mGluR-mediated synaptic
depression require the phosphorylation/dephosphorylation
of the AMPAR subunit GluA2 (Chung et al., 2003; Moult
et al., 2006), which CP-AMPARs generally do not contain.
Thus it is unclear whether group 1 mGluR-mediated synaptic

depression requires, or preferentially recruits, CP-AMPAR
removal.

The lateral amygdala (LA) is known to be critical for fear
memory acquisition, extinction and renewal (LeDoux, 2000;
Maren and Quirk, 2004; Kim et al., 2007; Myers and Davis,
2007; Knapska and Maren, 2009; Lee et al., 2013). The tha-
lamic input synapses onto the LA (T-LA synapses) have been
extensively studied as a site of learning-induced plasticity, and
T-LA synaptic efficacy is tightly correlated with fear mem-
ory strength (McKernan and Shinnick-Gallagher, 1997; Rogan
et al., 1997) Among several forms of synaptic plasticity at
T-LA synapses, long-term depression (LTD) and/or depotenti-
ation have been proposed as a cellular mechanism underlying
extinction (or reconsolidation update) of fear memory (Lin
et al., 2003, 2005; Kim et al., 2007; Clem and Huganir, 2010).
LTD is a de novo decrease in synaptic efficacy, whereas depo-
tentiation represents a net return of the potentiated synaptic
efficacy to baseline (Collingridge et al., 2010). Although both
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alterations result in a decrease in synaptic efficacy, the underlying
mechanisms of these two types of plasticity may be different
(Wagner and Alger, 1996; Kulla et al., 1999; Klausnitzer et al.,
2004).

Several previous studies have reported that fear conditioning-
induced synaptic potentiation in vivo at T-LA synapses can
be depotentiated in brain slices prepared from conditioned
animals (Kim et al., 2007; Clem and Huganir, 2010, 2013). Our
previous study has shown that depotentiation is blocked by
intracellular dialysis of the GluA23Y peptide, which prevents
the internalization of GluA2-containing AMPARs (Ahmadian
et al., 2004). Moreover, fear extinction reverses the conditioning-
induced enhancements in the surface expression of synaptic
GluA2 at LA synapses and occludes depotentiation, suggesting
mutual mechanisms. Together, these findings suggest that
depotentiation at T-LA synapses involves the internalization of
GluA2-containing and, thus, calcium-impermeable AMPARs.
However, conflicting evidence has also been presented primarily
based on AMPAR rectification, an index of the synaptic
expression of CP-AMPARs, as GluA2-lacking CP-AMPARs are
removed during a type of LTD whose magnitude increases after
fear conditioning (i.e., depotentiation-like plasticity) at T-LA
synapses (Clem and Huganir, 2013). One compromising factor
in the latter study is that depotentiation could not be studied
in isolation because the same stimuli also induces LTD before
fear conditioning. Therefore, the specific subtypes of AMPARs
involved in depotentiation of fear conditioning-induced synaptic
potentiation are somewhat unclear.

In this study, we used the sensitivity of T-LA synaptic responses
to 1-naphthylacetyl spermine (NASPM), a CP-AMPAR antago-
nist, as an index of the synaptic expression of CP-AMPARs to
determine whether CP-AMPARs are removed during depotenti-
ation of fear conditioning-induced potentiation under conditions
in which the depotentiation of fear conditioning-induced synaptic
potentiation can be examined in isolation.

MATERIALS AND METHODS
ANIMALS AND AUDITORY FEAR CONDITIONING
All procedures were approved by the Institute of Laboratory
Animal Resources of Seoul National University (Korea). Male
Sprague-Dawley rats (4–5 weeks old) were maintained with free
access to food and water 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, rats
were placed in a conditioning chamber and left undisturbed for
2 min. Then, a neutral tone (30 s, 2.8 kHz, 85 dB) coterminating
with an electrical foot shock (1.0 mA, 1 s) was presented three
times at an average interval of 100 s. After fear conditioning,
rats were returned to their home cages until preparation of brain
slices. Rats in naïve groups stayed in their home cages until brain
slices were prepared.

BRAIN SLICE PREPARATION
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 (in mM)
175 sucrose, 20 NaCl, 3.5 KCl, 1.25 NaH2PO4, 26 NaHCO3,

1.3 MgCl2, 11 D-(+)-glucose, and was gassed with 95% O2/5%
CO2. Coronal slices (300 µm) including the LA were cut using
a vibrating blade microtome (VT1200S, Leica Biosystems,
Germany) and incubated in normal aCSF containing (in mM)
120 NaCl, 3.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1.3 MgCl2,
2 CaCl2, 11 D-(+)-glucose, and was continuously bubbled at
room temperature with 95% O2/5% CO2. Just before a given slice
was transferred to the recording chamber, the cortex overlying
the LA was cut away with a scalpel, so the addition of picrotoxin
(100 µM; Abcam Plc., UK) would block cortical epileptic burst
discharges from invading the LA.

AFFERENT STIMULATION AND RECORDING CONDITIONS
We chose brain slices containing a well-isolated, sharply defined
trunk (containing thalamic afferents) crossing the dorsolateral
division of the LA where the somatosensory and auditory inputs
converge. The sizes of the LA and the central amygdala were
relatively constant in the utilized slices; when multiple trunks
were observed, we used the closest trunk to the central nucleus
of the amygdala. Unless otherwise noted, the thalamic afferents
were stimulated at a frequency of 0.067 Hz using a concentric
bipolar electrode (CBAEC75; FHC Inc., USA). The stimulation
electrode was placed at the midpoint of the trunk between the
internal capsule and the medial boundary of the LA. The regions
and cells of interest for all recordings were located beneath the
midpoint of the trunk spanning the LA horizontally.

WHOLE-CELL PATCH-CLAMP RECORDINGS
Whole-cell recordings were made using an Axopatch 200A ampli-
fier or Multiclamp 700A (Molecular Devices, Sunnyvale, CA,
USA). For the whole-cell voltage-clamp recordings, the recordings
were obtained using a Cs-based internal solution containing (in
mM) 100 Cs-gluconate, 0.6 EGTA, 10 HEPES, 5 NaCl, 20 TEA,
4 Mg-ATP, 0.3 Na-GTP and 3 QX314, with the pH adjusted to
7.2 with CsOH and the osmolarity adjusted to approximately
297 mmol/kg with sucrose. The cells used were classified as
principal neurons based on the pyramidal shape of their somata.
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 LA. The pipette
resistances ranged from 3.5 to 4.5 Mohm. IR-DIC-enhanced
visual guidance 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 except
during paired pulse low-frequency stimulation (ppLFS-pairing),
and the various solutions were delivered to the slices via gravity-
driven superfusion at a flow rate of 1.4∼1.5 ml/min. 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 9 software, Molecular
Devices, Sunnyvale, CA, USA). EPSCs were monitored following
stimulation at 0.067 Hz. One or two neurons were recorded
per animal (a single neuron per slice). In the ppLFS-pairing
protocol, stimulation for 3 min at 3 Hz was performed using
paired pulses (50 ms interpulse interval) while the neuron was
clamped at –50 mV, as described previously (Clem and Huganir,
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2013). Blockade of CP-AMPARs and mGluR1 was performed
using NASPM (50 µM; Sigma-Aldrich) and LY367385 [(S)-
(+)-α-amino-4-carboxy-2-methylbenzeneacetic acid] (100 µM;
Tocris Bioscience). All EPSC amplitudes were normalized to
an average of the baseline responses for the first 10 min and
were expressed as percentages of the average baseline response.
The percent inhibition by drugs (or vehicle) indicated differ-
ence in the average percentage of the responses between before
and after drug (or vehicle) treatment. Therefore, the percent
inhibition by NASPM in this study could be used to com-
pare the amount of synaptic CP-AMPARs between before and
after induction of LTD or depotentiation. The periods used to
calculate these average responses were the 5 min immediately
preceding drug treatment and the final 5 min after drug treat-
ment, respectively. To prevent bias, we performed experiments
in a blinded fashion. For improved visualization, the running
averages of four data points were applied to the time-lapse
experiments.

STATISTICAL ANALYSIS
Between-group comparisons of the data were performed using
either an unpaired t-test or one-way ANOVA with subse-
quent Newman-Keuls post-hoc comparison. A paired t-test was
used to determine whether the post-treatment responses dif-
fered significantly from the baseline responses (Figures 1E,
3D). A p-value < 0.05 was considered to be statistically sig-
nificant. The data from each neuron/slice were treated as
independent samples. In all experiments using behaviorally
trained rats, the data included samples from three or more
animals.

RESULTS
SYNAPTIC EXPRESSION OF CP-AMPARs AT T-LA SYNAPSES AFTER
FEAR CONDITIONING
We first characterized the synaptic expression of CP-AMPARs
according to the sensitivity of T-LA synaptic responses to NASPM,
a CP-AMPAR antagonist, at various time points (12 and 48 h)
after fear conditioning in rats. We measured AMPAR-mediated
EPSCs at T-LA synapses in the presence of D-AP5 (50 µM)
via whole-cell voltage-clamp recording in acute brain slices pre-
pared from conditioned (or naïve) rats. A negligible level of CP-
AMPARs was found in slices prepared from naïve rats, but a
significant level of CP-AMPARs was detected 12 h after condi-
tioning. The enhanced level of CP-AMPARs returned to base-
line in slices prepared 48 h after conditioning (F(2,13) = 4.787,
p = 0.0319, one-way ANOVA; naïve, 4.70 ± 4.20%, n = 5; 12 h,
15.74 ± 1.6%, n = 4; 48 h, 4.52 ± 1.2%, n = 5; p < 0.05
for the 12 h group vs. the other groups, Newman-Keuls post-
hoc test; Figures 1A–D), which was consistent with our previ-
ous study (Hong et al., 2013). Because NASPM has also been
shown to inhibit kainate receptors (Koike et al., 1997; Cho
et al., 2012), we examined whether UBP302 (10 µM), a specific
antagonist of kainate receptors, blocked EPSCs at T-LA synapses
when CP-AMPAR levels were elevated (12 h after condition-
ing). UBP302 displayed no significant effects on EPSCs at T-LA
synapses in the presence of D-AP5 (50 µM) in slices prepared
12 h after fear conditioning (94.61 ± 4.10%, n = 5; p > 0.05,

FIGURE 1 | Changes in the sensitivity to NASPM after fear
conditioning. (A) Diagram showing the positions of the stimulating and
recording electrode. BA, basal nucleus of amygdala; CeA, central nucleus of
amygdala; LA, lateral nucleus of amygdale; R, recording electrode; S,
stimulating electrode. (B–E) NASPM (50 µM) treatment reduced the EPSC
amplitude in the presence of D-AP5 (50 µM) in slices prepared 12 h after
conditioning but not 48 h after conditioning or from naïve rats. (F) UBP302
treatment displayed no significant effects on the EPSC amplitude in slices
prepared 12 h after conditioning. (G) The input-output relationship was not
different between the groups of slices prepared 12 and 48 h after
conditioning. * p < 0.05. Scale bars: 50 pA and 10 ms.

paired t-test; Figure 1E). In addition, we determined whether
fear conditioning-induced synaptic potentiation was similar at
those two time points (12 h vs. 48 h) after fear conditioning.
There was no significant difference in the excitatory synaptic
efficacy at T-LA synapses between the two groups (12 h after
conditioning, 11.25 ± 1.57 pA/µA, n = 7; 48 h after con-
ditioning, 11.84 ± 1.36 pA/µA, n = 9; p > 0.05, unpaired
t-test; Figure 1F). Taken together, these results suggest that CP-
AMPARs are transiently inserted into T-LA synapses after fear
conditioning.

CP-AMPARs ARE NOT REMOVED FROM T-LA SYNAPSES VIA
DHPG-INDUCED DEPOTENTIATION
We have previously shown that DHPG, an agonist of group I
mGluRs, induces the depotentiation of fear conditioning-induced
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synaptic potentiation at T-LA synapses; that is, DHPG produces
synaptic depression in slices prepared after fear conditioning
but not in slices prepared from naïve rats or other controls
(Kim et al., 2007; Hong et al., 2011). To examine whether
CP-AMPARs are removed after induction of depotentiation,
we monitored the changes in the sensitivity to NASPM
after fear conditioning. Application of DHPG (100 µM,
10 min) successfully induced synaptic depression in the
presence of D-AP5 (50 µM) in slices prepared 12 or 48 h
after fear conditioning. After DHPG-induced depression had
been stabilized, NASPM (or vehicle) was applied. NASPM
treatment inhibited EPSCs significantly more than vehicle
treatment when the CP-AMPAR levels were elevated (12 h
after conditioning), but it did not exert a significant effect
on EPSCs when CP-AMPARs were minimally expressed
(48 h after conditioning) (F(2,16) = 29.74, p < 0.001,
one-way ANOVA; vehicle group-12 h after conditioning,
−0.42 ± 1.04%, n = 5; NASPM group-12 h after conditioning,
18.59 ± 2.15%, n = 6; NASPM group-48 h after conditioning,
1.78 ± 2.11%, n = 6; p < 0.0001 for NASPM group-12 h
after conditioning vs. the other groups, Newman-Keuls
post-hoc test; Figures 2A–D). Thus, when CP-AMPARs
are expressed at synapses, a significant proportion of CP-
AMPARs appears to be retained even after the induction of
depotentiation.

CP-AMPARs ARE NOT REMOVED FROM T-LA SYNAPSES VIA
ppLFS-INDUCED DEPOTENTIATION
Previous studies have shown that ppLFS also induces depo-
tentiation or LTD (Kim et al., 2007; Hong et al., 2009). We
performed a protocol of ppLFS-pairing which was used by
Clem and Huganir (2013). Unlike their findings that ppLFS-
pairing induced LTD regardless of fear conditioning (either
before or after conditioning), ppLFS-pairing produced no sig-
nificant depression in slices from naïve rats (96.84 ± 7.33%,
n = 5; p > 0.05, paired t-test; Figure 3A). Alternatively, ppLFS-
pairing produced synaptic depression in slices prepared 12 h
after conditioning, confirming the previously reported depo-
tentiation of fear conditioning-induced synaptic potentiation
(Figures 3B,C; Kim et al., 2007). After ppLFS-pairing-induced
depression had been stabilized, NASPM (or vehicle) was applied.
NASPM treatment inhibited EPSCs relative to vehicle treat-
ment (vehicle, 3.33 ± 0.74%, n = 4; NASPM, 17.45 ± 2.24%,
n = 7; p = 0.0013, unpaired t-test; Figures 3B–D). Therefore,
similar to the results using DHPG, pre-existing CP-AMPARs
appear to be largely retained after depotentiation. Because
this particular result contradicts with the previous findings by
Clem and Huganir (2010, 2013), it was necessary to confirm
that ppLFS-induced depression in the present study shared
the same induction requirement with that in the two previ-
ous studies (i.e., mGluR1-dependency). Indeed, application of

FIGURE 2 | Sensitivity to NASPM is maintained after
DHPG-induced depotentiation. (A) DHPG-induced depression was
not significantly altered after vehicle treatment. The slices were
prepared 12 h after conditioning. (B) NASPM treatment induced further
depression after the onset of DHPG-induced depression. The slices
were prepared 12 h after conditioning. (C) NASPM did not induce

further changes in EPSCs after the onset of DHPG-induced depression.
The slices were prepared 48 h after conditioning. All the experiments
shown in this figure were performed in the presence of D-AP5
(50 µM). (D) A summary of the results shown in (A–C) (percent
inhibition due to NASPM treatment for the three experiments). ***
p < 0.001. Scale bars: 100 pA and 10 ms.
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FIGURE 3 | Sensitivity to NASPM is maintained after
ppLFS-pairing-induced depotentiation. (A) ppLFS-pairing did not
produce any significant changes in EPSCs. The slices were prepared
from naïve rats. (B) pp-LFS-pairing produced synaptic depression, and
vehicle treatment did not produce any further changes. The slices were
prepared 12 h after conditioning. (C) ppLFS-pairing produced synaptic
depression, and NASPM treatment produced further synaptic
depression. The slices were prepared 12 h after conditioning.

(D) Average percent inhibition due to NASPM (or vehicle) treatment for
the experiments shown in B (vehicle) and C (NASPM).
(E) ppLFS-pairing-induced depotentiation was blocked by the mGluR1
antagonist, LY367385. LY367385 (100 µM) or vehicle (aCSF) was present
during the entire recording period. The slices were prepared 12 h after
conditioning. (F) A summary of NASPM-induced inhibition in all the
groups in which the effects of NASPM treatment were evaluated.
** p < 0.01. Scale bars: 50 pA and 10 ms.

the mGluR1 antagonist, LY367385, completely blocked ppLFS-
pairing-induced depression (vehicle group, 69.89 ± 8.54%, n = 4;
LY367385 group, 97.69 ± 5.89%, n = 7; p = 0.0223, unpaired
t-test, Figure 3E).

Comparing the results from Figures 1–3 revealed that
regardless of prior depotentiation, the primary factor that
contributes to NASPM sensitivity at LA synapses is the dura-
tion after fear conditioning. NASPM-induced inhibition was
minimal in naïve or 48 h, slices whereas in 12 h slices,
NASPM-induced inhibition was prominent both before and
after depotentiation, regardless of the depotentiation proto-
col (NASPM at baseline, NASPM after DHPG treatment and

NASPM after pp-LFS) when the CP-AMPAR levels were ele-
vated (12 h after conditioning) (NASPM at baseline (naïve
rats), 4.70 ± 4.20%, n = 5; NASPM at baseline (48 h after
conditioning), 4.52 ± 1.24%, n = 5; NASPM at baseline
(12 h after conditioning), 15.74 ± 1.61%, n = 4; NASPM
after DHPG treatment (12 h after conditioning), 18.59 ±

2.15% n = 6; NASPM after ppLFS (12 h after conditioning),
17.45 ± 2.24%, n = 7; F(4,26) = 7.699, p = 0.0005, one-way
ANOVA; p > 0.05 between the three groups prepared 12 h
after conditioning, p < 0.05 for these three groups vs. the
other two groups, Newman-Keuls post-hoc test; Figure 3F).
Thus, our data suggest that fear conditioning produces transient
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insertion of CP-AMPARs into T-LA synapses, but these
CP-AMPARs do not appear to be removed by depotentiation.
The observation that depotentiation can be induced regardless
of the expression of CP-AMPARs also suggests that depoten-
tiation does not require the pre-existence of CP-AMPARs at
synapses.

DISCUSSION
Our findings suggest that removal of CP-AMPARs from
synapses does not contribute to the depotentiation of fear
conditioning-induced synaptic potentiation. Under our experi-
mental conditions, the sensitivity to NASPM is negligible before
conditioning, increases 12 h after conditioning and returns to
baseline 48 h after conditioning, suggesting that the synap-
tic expression of CP-AMPARs is minimal before condition-
ing and increases transiently after conditioning. We have also
determined whether NASPM selectively inhibits CP-AMPARs,
as it has also been shown to inhibit calcium-permeable kainate
receptors. UBP302, a specific blocker of kainate receptors,
does not inhibit T-LA EPSCs when CP-AMPARs are ele-
vated (but see Cho et al., 2012), ruling out the possibil-
ity that the sensitivity to NASPM is due to inhibition of
kainate receptor-mediated currents. Importantly, the sensitiv-
ity to NASPM does not change after induction of depoten-
tiation, even when the synaptic expression of CP-AMPARs
is elevated. This particular observation provides strong evi-
dence that CP-AMPARs are not removed from T-LA synapses
during depotentiation of fear conditioning-induced synaptic
potentiation.

Our results provide an example in which group 1 mGluR-
mediated synaptic depression does not require or promote
CP-AMPAR removal. Instead, in T-LA synapses, it appears
that mGluR1-dependent depotentiation leaves the pre-existing
population of CP-AMPARs largely intact. This result is in
contrast with previous reports in which the pre-existing CP-
AMPAR content correlated to the extent of mGluR-LTD (Bellone
and Lüscher, 2006), but our result is consistent with another
report in which DHPG treatment induced synaptic depres-
sion regardless of prior CP-AMPAR expression (McCutcheon
et al., 2011). Together, these results shed light on the down-
stream molecular mechanisms of mGluR-mediated synaptic
depression.

Two recent studies have reported the contribution of CP-
AMPARs to LTD at T-LA synapses (Clem and Huganir, 2010,
2013). In these studies, the magnitude of LTD has been shown
to increase after fear conditioning, and the increased portion
of LTD might represent depotentiation of fear conditioning-
induced synaptic potentiation, although other interpretations are
also possible (e.g., metaplastic enhancements in the magnitude
of LTD after conditioning). In addition, the basal expres-
sion of synaptic CP-AMPARs is evident before fear condition-
ing, unlike our experimental conditions, which may involve
a novel type of synaptic plasticity that is induced by cal-
cium influx via pre-existing CP-AMPARs. Therefore, although
the most parsimonious explanation for the increased magni-
tude of LTD after fear conditioning is the reversal of fear
conditioning-induced synaptic potentiation, it remains possible

that completely different types of synaptic plasticity (i.e., CP-
AMPAR-dependent LTD whose magnitude can be enhanced after
fear conditioning) are involved in these two studies. There-
fore, distinct mechanisms may underlie LTD and depotentia-
tion of fear conditioning-induced synaptic potentiation at T-LA
synapses; indeed, these two types of plasticity (depotentiation
and LTD) are known to underlie fear extinction and reconsoli-
dation update (a variant of extinction that produces fear mem-
ory erasure), respectively (Kim et al., 2007; Clem and Huganir,
2010).

It is generally considered that in naïve animals (rats or
mice), the synaptic expression of CP-AMPARs is negligible in
the LA (Mahanty and Sah, 1998; Polepalli et al., 2010). Thus,
it may appear odd to detect a relatively large level of CP-
AMPARs under baseline conditions in the two previous stud-
ies (Clem and Huganir, 2010, 2013). It will be interesting to
determine which conditions affect the amount of synaptic CP-
AMPARs in the experimental subjects (see also Whitehead et al.,
2013).

Our previous study (Kim et al., 2007) has shown that ppLFS-
induced depotentiation (or LTD) is dependent on both mGluR
and NMDAR activity at T-LA synapses. Similarly, Clem and
Huganir have also reported that ppLFS-induced LTD is dependent
on both mGluR and NMDAR activity at T-LA synapses (Clem
and Huganir, 2010, 2013). In these three studies, ppLFS-induced
LTD (or depotentiation) was completely blocked either by mGluR
antagonists or by NMDAR antagonists unlike the case of the
hippocampal LTD in which each antagonist partially blocked LTD
(Oliet et al., 1997). Furthermore, Clem and Huganir (2013) has
shown that LFS-induced LTD is dependent on NMDARs, but
not on mGluRs at T-LA synapses, and that LFS-induced LTD is
produced via mechanisms that were completely different from
those underlying ppLFS-induced LTD. Therefore, it is possible
that ppLFS induces a unique form of LTD, which depends on
both mGluRs and NMDARs, at T-LA synapses, and that these
two types of receptors merge on the same intracellular signaling
pathway.

There have been previous studies showing the existence of sev-
eral forms of LTD in the lateral amygdala. Low-frequency or theta-
frequency stimulation has been shown to produce LTD at naive
synapses in the lateral amygdala (Heinbockel and Pape, 2000;
Dalton et al., 2012; Clem and Huganir, 2013). It remains to be
elucidated whether these forms of LTD share similar mechanisms
or not. Moreover, other new forms of LTD may coexist at lateral
amygdala synapses and each of them may play a unique role in a
distinct physiological process.

In summary, the present study has provided strong evidence
that the removal of CP-AMPARs from synapses does not con-
tribute to the depotentiation of fear conditioning-induced synap-
tic potentiation. This conclusion is consistent with our and other
previous studies showing that extinction (whose cellular sub-
strate is the depotentiation of fear conditioning-induced synaptic
potentiation) does not involve CP-AMPAR removal (Clem and
Huganir, 2013; Lee et al., 2013). In contrast, removal of CP-
AMPARs via LTD at T-LA synapses has been proposed as a mech-
anism underlying reconsolidation update. Thus, the molecular
mechanisms underlying LTD may differ from those underlying
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depotentiation of fear conditioning-induced synaptic potentia-
tion at T-LA synapses.
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