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Amygdala depotentiation ex vivo requires mitogen-activated
protein kinases and protein synthesis
Jeongyeon Kim, Sungmo Park, Sukwon Lee and Sukwoo Choi

We have recently characterized a form of ex vivo

depotentiation (depotentiationex vivo), which correlates

tightly with fear extinction, at thalamic input synapses onto

the lateral amygdala. Here, we examined the effects of

learning-attenuating drugs, reported to impair fear

extinction when microinjected into the basolateral

amygdala, on depotentiationex vivo. U0126, a mitogen-

activated protein kinase inhibitor, and cycloheximide, a

protein synthesis inhibitor, blocked depotentiationex vivo.

However, ifenprodil, an NR2B-containing NMDA receptor

inhibitor, did not alter depotentiationex vivo, although it

blocked amygdala long-term potentiation. These

findings indicate that amygdala depotentiation shares

some molecular processes with learning and further

suggest that different forms of synaptic plasticity

in the basolateral amygdala mediate fear extinction.
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Introduction
Fear extinction is the phenomenon in which conditioned

fear responses disappear when conditioned animals are

exposed repeatedly to conditioned stimuli without

aversive unconditioned stimuli [1,2]. There is consider-

able evidence that the basolateral amygdala has a critical

role in the extinction of auditory-cued fear memory;

pharmacological blockade of NMDA receptors, NR2B-

containing NMDA receptors, mitogen-activated protein

kinases, neuropeptide Y Y1 receptors, cannabinoid re-

ceptor 1, metabotropic glutamate receptors, or protein

synthesis in the basolateral amygdala has been shown

to attenuate fear extinction [3–11]. Most of these drugs

have also been shown to attenuate learning, which is

consistent with the prevailing view that fear extinction

involves new learning [1,2]. However, it is also possible

that these molecules are involved in amygdala depoten-

tiation. In this study, we have determined whether an

antagonist for mitogen-activated protein kinases, protein

synthesis, or NR2B-containing NMDA receptors inhibits

paired pulse low-frequency stimulation (pp-LFS)-in-

duced depotentiationex vivo, the reversal of fear condition-

ing-induced potentiation, which has been proposed as a

cellular mechanism for fear extinction [9].

Methods
To avoid possible bias, our experiments were performed

in a blinded manner. All behavioral procedures were

approved by the Institute of Laboratory Animal Re-

sources of Seoul National University. Male Sprague–

Dawley rats (4–5 weeks old) were given free access to

food and water and housed under an inverted 12 h/12 h

light/dark cycle. Behavioral training was performed during

the dark portion of the cycle. For the depotentiationex vivo

experiments, rats were trained using auditory-cued fear

conditioning, and amygdala slices were prepared 72 h

after conditioning. For fear conditioning, rats were placed

in a conditioning chamber for 2 min. A neutral tone (30 s,

2.8 kHz, 85 dB) coterminating with an electrical foot

shock (1.0 mA, 1 s) was then presented three times at an

average interval of 100 s. The rats returned to their cages

1 min after the application of last shock.

Brain slices were prepared using techniques described

earlier [9,12]. Rats were anesthetized with isoflurane and

decapitated. The isolated whole brains were placed in an

ice-cold modified artificial cerebrospinal fluid (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 gassed

with 95% O2/5% CO2. Coronal slices (400mm) including

the lateral amygdala were cut using a vibroslicer (NVSL;

World Precision Instruments, Sarasota, Florida, USA),

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 continuously bubbled at room temperature with

95% O2/5% CO2. Immediately before transferring a slice

to the recording chamber, the cortex overlying the lateral

amygdala was cut away with a scalpel so that, in the

presence of picrotoxin, cortical epileptic burst discharges

would not invade the lateral amygdala.

Extracellular field potentials were recorded with pary-

lene-insulated microelectrodes (573210; A-M Systems,

Everett, Washington, USA) as described earlier [9,12].
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Stimuli to thalamic pathways elicited simple negative

field potentials that had a constant peak latency of

approximately 5 ms and a duration of 3–15 ms. As shown

by our own studies and those of others [9,12,13], field

potentials (population spikes) at thalamic input synapses

onto the lateral amygdala exhibited a constant and

short latency of about 5 ms, followed by high-frequency

stimulation, reliably and without failure, and could be

blocked by kynurenic acid. This indicates that the field

potentials measured in this study reflect glutamatergic

and monosynaptic responses at thalamic input synapses

onto the lateral amygdala. We included picrotoxin

(10mM) in the recording solution to isolate excitatory

synaptic transmission and to block feedforward g-

aminobutyric acidergic inputs to principal neurons in

the lateral amygdala. Baseline stimulation (0.017 Hz,

0.2 ms pulse duration) was delivered at an intensity

(typically 0.1–0.25 mA) that evoked a response that was

around half of the maximum evoked response. To induce

depotentiationex vivo, pp-LFS (50 ms interstimulus inter-

val) was delivered at 1 Hz for 15 min. Neuronal responses

were amplified, filtered (low-pass filter, 1 kHz; high-pass

filter, 1 Hz; Dam80; World Precision Instruments), and

then digitized at 5 kHz (M-Series board; National

Instruments, Austin, Texas, USA) or at 20 kHz (NAC

2.0 acquisition system, Thetaburst, Theta Burst Corp.,

Irvine, California, USA). The digitized signals were

stored and analyzed on a computer using the WinLTP

program (www.winltp.com) or NAC Gather software (Theta

Burst Corp.). A submersion-type recording chamber

(0.5 ml in volume) was continuously superfused with

aCSF (33.5–34.51C) at a constant flow rate of 1–2 ml/min.

One or two slices were recorded per animal. To obtain

stable, long-term recordings, we began recording at least

3.5 h after preparing the 400-mm-thick slices [14].

To improve the signal-to-noise ratio, data were averaged

using a three-point running average in time-lapse

experiments. A temporal average of the data points

during the period of interest (0–30 min for baseline;

120–150 min for a post-pp-LFS period; 30–60 min for a

post-high-frequency stimulation period) was used for

statistical comparison of field potential results. Values of

P less than 0.05 were considered significant. Drugs used

were U0126, ifenprodil, and cycloheximide from Tocris

Bioscience (Bristol, UK). Cycloheximide was dissolved in

aCSF at a concentration of 300 mM. U0126 and ifenprodil

were made up in stock solutions (dimethyl sulfoxide) and

diluted more than 2000 times into aCSF.

Results
Fear-conditioned rats exhibited strong and consistent

freezing when exposed to a tone (conditioned stimuli)

(72.14 ± 13.78%, n = 4), indicating that our conditioning

protocol was effective in establishing fear memory (Fig. 1a).

Pp-LFS produced synaptic depression in amygdala slices

prepared from fear-conditioned rats (Fig. 1). This de-

pression seems to represent depotentiationex vivo, the

reversal of in vivo synaptic potentiation preserved in

amygdala slices, because pp-LFS produces synaptic

depression in amygdala slices prepared only from fear-

conditioned rats, but not from naive and unpaired

controls, as reported in our earlier study [9]. In addition,

U0126 and ifenprodil at concentrations used herein have

been shown to have no significant effects on basal

synaptic transmission at thalamic input synapses onto the

lateral amygdala in naive rats [16,17]. We found little

effects of cycloheximide (300 mM) on baseline responses

of field potentials in the same pathways from naive rats

(data not shown).

We first examined the effects of U0126, an antagonist

of mitogen-activated kinases, on depotentiationex vivo. We

applied 20 mM U0126 for a total of 25 min, first for

10 min before pp-LFS and then for an additional 15 min

during pp-LFS. Application of U0126 impaired depoten-

tiationex vivo compared with vehicle groups (U0126-

treated = 93.61 ± 3.72%, n = 5; vehicle groups = 75.54

± 4.79%, n = 4; P < 0.05, unpaired t-test, Fig. 1c). Next,

to determine whether protein synthesis is critical for

depotentiationex vivo, we used cycloheximide, a protein

synthesis inhibitor. Application of cycloheximide (300mM)

blocked depotentiationex vivo compared with vehicle

groups (cycloheximide-treated = 95.06 ± 5.67%, n = 5;

vehicle groups = 70.58 ± 3.06%, n = 6; P < 0.01, unpaired

t-test, Fig. 1d). Cycloheximide itself had no significant

effects on baseline synaptic responses (96.73 ± 3.38% of

baseline after a 30 min treatment, n = 5, P > 0.3; paired t-
test). These findings suggest that both mitogen-activated

kinase activity and protein synthesis are required for pp-

LFS-induced depotentiationex vivo.

We then determined whether NR2B-containing NMDA

receptors are required for pp-LFS-induced depotentia-

tionex vivo. Application of 10 mM ifenprodil, an antagonist

of NR2B-containing NMDA receptors, had no significant

effects on ppLFS-induced depotentiationex vivo compared

with vehicle groups (ifenprodil-treated = 66.03 ± 3.2%,

n = 5; vehicle groups = 73.68 ± 2.12%, n = 4; P > 0.1,

unpaired t-test, Fig. 1e). Ifenprodil had no significant

effects on baseline responses (99.61 ± 3.01% of baseline

after a 30-min treatment, n = 5, P > 0.9; paired t-test). To

test whether ifenprodil at a concentration used herein is

effective in blocking NR2B-containing NMDA receptors

under our experimental conditions, we examined the

effects of ifenprodil on long-term potentiation induced by

two trains of high-frequency stimulation (at 100 Hz for

1 s) at thalamic input synapses onto the lateral amygdala.

Consistent with a previous observation that ifenprodil

impaired long-term potentiation in this pathway [17],

we found that the application of ifenprodil impaired

long-term potentiation compared with vehicle groups
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(ifenprodil-treated = 102.0 ± 7.63%, n = 4; vehicle groups

= 129.4 ± 5.93%, n = 5; P < 0.05, unpaired t-test, Fig. 1f).

Discussion
Our findings suggest that both mitogen-activated

kinase activity and protein synthesis are critical for

ppLFS-induced depotentiationex vivo. In contrast, NR2B-

containing NMDA receptors do not seem to be involved

in pp-LFS-induced depotentiationex vivo. Our present

findings, along with those of previous studies [3,5–8,

10], indicate that pp-LFS-induced depotentiationex vivo is

blocked by four of the five drugs (D-AP5, CPCCOEt,

U0126, anisomycin/cycloheximide, and ifenprodil) which

have been shown to attenuate fear extinction when

microinjected into the basolateral amygdala, thereby

supporting the strong association between pp-LFS-induced

depotentiationex vivo and fear extinction. Li et al. [18]

have recently predicted that fear extinction involves

multiple forms of synaptic plasticity at different types of

synapses in the lateral amygdala. Consistent with this

prediction, our results suggest another plastic mechanism

Fig. 1
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Blockade of mitogen-activated protein kinases or of protein synthesis resulted in inhibition of depotentiationex vivo, whereas inhibition of NR2B-
containing NMDA receptors had no significant effects. (a) Left, the behavioral procedure for the experiments. Right, behavioral results. To avoid
possible changes in synaptic properties because of the test stimuli, one set of rats was killed to prepare brain slices, whereas another set was used
to monitor conditioned freezing. (b) Schematic illustration of a brain slice containing amygdala [15]. A stimulating electrode was placed in the fibers
from the internal capsule. B, basal nucleus of amygdala; CE, central nucleus of amygdala; LA, lateral nucleus of amygdale; R, recording electrode;
S, stimulating electrode. (c) U0126 inhibited depotentiationex vivo. (d) Cycloheximide inhibited depotentiationex vivo. (e) Ifenprodil did not show any
significant effects on depotentiationex vivo. (f) Ifenprodil blocked amygdala long-term potentiation. All representative traces are an average of five
traces. Scale bars, 0.2 mV and 5 ms. HFS, high-frequency stimulation; pp-LFS, paired pulse low-frequency stimulation.
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that depends on NR2B-containing NMDA receptors in

the basolateral amygdala, supported by earlier studies

[10,19].

Considering the inhibitory effect of D-AP5 on pp-LFS-

induced depotentiationex vivo [9], it may be odd that

ifenprodil did not have a significant effect on pp-LFS-

induced depotentiationex vivo. There may be several

explanations for this. First, NR2A-containing NMDA

receptors may be involved in pp-LFS-induced depoten-

tiationex vivo. If this were the case, it would be interesting

to determine whether an NR2A-containing NMDA

receptor inhibitor impairs fear extinction. Second, no

subtype specificity of NMDA receptors may exist for

pp-LFS-induced depotentiationex vivo. In this case, an

important condition that ensures a successful induction

of depotentiation would be whether summed calcium

currents through NR2A-containing and NR2B-containing

NMDA receptors go beyond a threshold for depotentia-

tion induction. Therefore, one prediction on the basis

of the latter possibility is that higher concentrations of

ifenprodil, which can also at least partially inhibit NR2A-

containing receptors, would impair pp-LFS-induced

depotentiationex vivo.

Synaptic plasticity in amygdala interneurons has been

proposed as a critical mechanism for fear extinction

[6,20–22]. NR2B-containing receptors may participate in

plastic mechanisms at excitatory input synapses onto

interneurons in the amygdala. At the same time, our data

do not eliminate the possibility that mitogen-activated

protein kinases, protein synthesis, and metabotropic

glutamate receptors are involved in the interneuronal

plasticity in the amygdala (see Ref. [23]). Irrespective of

these mechanisms, ppLFS-induced depotentiationex vivo

serves as a viable model system in which extinction-

modulating drugs can be prescreened.

Conclusion
In this study, we have shown that mitogen-activated

protein kinases and protein synthesis are required for

depotentiationex vivo at thalamic input synapses onto the

lateral amygdala. NR2B-containing NMDA receptors do

not seem to be involved in the amygdala depotentiation.
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