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Abstract

Whereas the neuronal substrates underlying the acquisition of auditory fear conditioning have been widely studied, the substrates
and mechanisms mediating the acquisition of fear extinction remain largely elusive. Previous reports indicate that consolidation of
fear extinction depends on the mitogen-activated protein kinase/extracellular-signal regulated kinase (MAPK/ERK) signalling
pathway and on protein synthesis in the medial prefrontal cortex (mPFC). Based on experiments using the fear-potentiated startle
paradigm suggesting a role for neuronal plasticity in the basolateral amygdala (BLA) during fear extinction, we directly addressed
whether MAPK/ERK signalling in the basolateral amygdala is necessary for the acquisition of fear extinction using conditioned
freezing as a read-out. First, we investigated the regional and temporal pattern of MAPK/ERK activation in the BLA following
extinction learning in C57BI/6J mice. Our results indicate that acquisition of extinction is associated with an increase of
phosphorylated MAPK/ERK in the BLA. Moreover, we found that inhibition of the MAPK/ERK signalling pathway by intrabasolateral
amygdala infusion of the MEK inhibitor, U0126, completely blocks acquisition of extinction. Thus, our results indicate that the
MAPK/ERK signalling pathway is required for extinction of auditory fear conditioning in the BLA, and support a role for neuronal

plasticity in the BLA during the acquisition of fear extinction.

Introduction

Extinction of conditioned fear is a form of new learning in which the
original memory acquired through the association of a conditioned
stimulus (CS) with an unconditioned stimulus (US) is inhibited after
repeated exposures to the CS alone (Rescorla, 2001; Myers & Davis,
2002; Maren & Quirk, 2004). Auditory fear conditioning and extinction
of conditioned fear differ in that extinction memories are context
dependent and labile giving rise to spontaneous recovery of fear
memories (Bouton & King, 1983; Quirk, 2002). These dissimilarities
between fear and extinction memories are likely to reflect distinct
molecular or circuit mechanisms as recently suggested (Berman &
Dudai, 2001; Lin et al., 2003a; Suzuki et al., 2004). Previous results
indicate that consolidation of extinction is associated with a potentiation
of synaptic efficacy, an increase in glucose metabolism, and in the
expression of the immediate-early gene (IEG) c-fos in the medial
prefrontal cortex (mPFC; Herry & Garcia, 2002; Milad & Quirk, 2002;
Barrett et al., 2003; Herry & Mons, 2004). In addition, consolidation of
extinction is disrupted by systemic NMDA receptor (NMDAR)
blockade (Santini et al., 2001), and by inhibition of the mitogen-
activated protein kinase/extracellular signal regulated kinase (MAPK/
ERK) signalling pathway and inhibition of protein synthesis in the
mPFC (Hugues et al., 2004; Santini et al., 2004). Together these results
strongly suggest that the mPFC is critical for consolidation of extinction
memory. In contrast, the neuronal mechanisms underlying acquisition of
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extinction are still unclear. Particular emphasis has been directed toward
the basolateral amygdala (BLA) as a key structure for extinction
learning, but the use of different learning paradigms has yielded
conflicting results. In the fear potentiated startle paradigm, extinction is
prevented by intra-BLA injection of the NMDAR antagonist, AP5 (Falls
et al., 1992). In contrast, acquisition of extinction of auditory fear
conditioning is unaffected by systemic injection of the NMDAR
antagonist, CPP (Santini et al., 2001), but is dramatically impaired by
systemic injection of L-type voltage-gated calcium channel (LVGCC)
blockers (Cain et al., 2002). Because of methodological limitations in
the fear potentiated startle paradigm, acquisition and consolidation of
extinction can usually not be discriminated from each other. Therefore, it
has been suggested that acquisition of extinction (or short-term
extinction memory) relies on the activation of LVGCCs (Cain et al.,
2002; Suzuki et al., 2004; Barad, 2005), whereas consolidation of
extinction (or long-term extinction memory) depends on NMDAR
activation in the mPFC and in the BLA (Santini ef al., 2001; Cain et al.,
2002; but see Lee & Kim, 1998). In support of this hypothesis, post-
extinction activation of NMDARs using the partial agonist,
D-cycloserine, facilitates consolidation of extinction memory in a
MAPK/ERK- and protein synthesis-dependent manner (Ledgerwood
et al., 2003; Yang & Lu, 2005).

Activity-dependent intracellular calcium increases mediated by
NMDAR and/or VGCC activation can trigger signalling pathways,
such as the MAPK/ERK pathway (Deisseroth et al., 1996; Dolmetsch
etal.,2001; Hardingham et al., 2001; Moosmang et al., 2005), known to
be necessary for the consolidation of fear conditioning and long-term
potentiation (LTP) in the BLA (Huang et al., 2000; Schafe et al., 2000;
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Adams & Sweatt, 2002; Radwanska ef al., 2002). Interestingly, a recent
study shows that extinction of the fear potentiated startle is impaired by
intra-BLA infusion of the MAPK inhibitor PD98059 (Lu et al., 2001).
However, due to the same methodological issues described above, it is
not possible to conclude whether this effect reflects an action on short- or
long-term extinction memory. Also, it is unknown if extinction of
auditory fear conditioning depends on the MAPK signalling pathway.
It has been recently reported that the induction of extinction rapidly
stimulates calcineurin activity in the amygdala (Lin et al., 2003a, b).
This increased activity has been proposed to weaken the original fear
memory by inhibiting the conditioning-induced phosphorylation of
downstream kinases including Akt and MAPK (Lin et al., 2003a).
As the MAPK/ERK signalling pathway has been implicated in
consolidation of auditory and contextual fear conditioning (Schafe et al.,
2000; Trifilieffet al., 2006), it is of particular interest to examine whether
MAPK/ERK signalling in the BLA is required during extinction of
conditioned fear. To investigate these issues, we first analysed by
immunohistochemistry the temporal activation of MAPK/ERK in the
BLA of mice following acquisition of extinction. Finally, we directly
tested if inhibition of the MAPK/ERK pathway before extinction
training by intra-BLA infusion of the MAPK kinase (MEK) inhibitor,
U0126, prevents acquisition of extinction of auditory fear conditioning.

Materials and methods
Subjects

Adult male C57B1/6J mice were purchased from IFFA Credo (Lyon,
France). The animals were individually housed in plastic cages with
ad libitum access to food and water with a 12-h light : 12-h dark
cycle. All studies took place during the light portion of the cycle. Mice
were handled gently for 2-3 min/day during 5 days, to minimize
nonspecific stress. Animal care and behavioural and electrophysio-
logical tests were conducted in accordance with the standard ethical
guidelines (European Communities Guidelines on the Care and Use of
Laboratory Animals: 86/609/EEC) and approved by the Department
of Verterinary Services, Gironde.

Surgery

Mice were deeply anaesthetized using isoflurane (induction 5%,
surgery 2.5%) in O,. Mice were secured in a stereotaxic frame and
bilaterally implanted with a 24-gauge stainless steel guide cannula
(8-mm long) aimed at the BLA (according to Franklin & Paxinos
(1997); 1.7 mm posterior to bregma; +3.1 mm lateral to midline and
4-43 mm deep from the cortical surface). A 32-gauge dummy
cannula was inserted into the guide cannula to prevent clogging. The
guide cannula was fixed in place onto the skull with dental cement.
Mice were then allowed to recover for one week in their home cage
before the start of the experiment.

Drug infusion

The MEK inhibitor, U0126, (Cellsignal, Beverly, ME) was dissolved
in 100% DMSO and stored at —20 °C. Animals were given bilateral
intra-BLA injections of 0.3 pL per site 2% DMSO in artificial
cerebrospinal fluid (aCSF, glucose, 5 mM; CaCl,, 1 mMm, NaCl,
125 mMm, MgCl,, 1 mM, NaHCOj3;, 27 mM, KCl, 0.5 mM, Na,SOy,
0.5 mMm, NaH,PO,4, 0.5 mM, Na,HPO,4, 1.2 mMm), or 0.6 pg U0126
(2 pg/pL) in 2% DMSO in aCSF. Injections were performed in freely
moving mice at a constant rate of 0.4 pL/min.

Behavioural procedures
Apparatus

Conditioning took place in a chamber (chamber A) consisting of a
grey plastic cylinder (15.5 cm diameter X 14 cm high) with a shock
grid floor made of stainless steel rods placed in a square transparent
Plexiglas box (18 cm side X 23 cm high). The whole system was
placed inside a sound-attenuating and temperature-regulated Plexiglas
cubicle. A speaker was positioned on the top of the square transparent
box to generate a tone (2.5 kHz, 80 dB). The shock grid was
connected to a current generator and scrambler to provide a 1 s,
0.9 mA foot-shock. The conditioning box and the floor were cleaned
with 70% ethanol before and after each session. During extinction
training, the grey plastic cylinder was removed and a grey plastic floor
replaced the grid floor. This context (chamber B) was washed with 1%
acetic acid before and after each session. To maximize discrimination
between the two contexts, light intensity was reduced during fear
conditioning. The behaviour of each mouse was monitored and
videotaped during all phases of the experiment. To score freezing
behaviour we used two parallel measurements. First, we performed a
classical time-sampling procedure during which an experimenter blind
to the experimental conditions determined the mice to be freezing or
not freezing every 2 s. Second, we compared these values to those
obtained by an automatic infrared beam detection system (Immetronic,
Pessac, France) placed on the bottom of the experimental chambers.
The two values were 95% identical and were averaged for statistical
analyses.

Fear conditioning and extinction training

On training day, mice were conditioned to acquire fear in response to a
30 s tone CS paired with a 1-s foot-shock US (five CS-US pairings;
intertrial interval 20-180 s). The onset of the US coincided with the
offset of the CS. For immunohistochemical experiments, fear condi-
tioned mice (CS-US group) were divided into five groups (Fig. 1A).
Mice of the Early-Ext group (» = 8) were submitted to the first session
of extinction (Early Extinction) 5 h after conditioning, and killed for
immunohistochemistry 1 h after the end of Early Extinction. The second
group of mice (Late-Ext, n = 24) was submitted to an additional session
of extinction 24 h later (Late Extinction), and killed at three different
time-points (15 min, 1 and 6 h) after the end of Late Extinction. The next
two conditioned groups were used as control groups and were either
killed 5 h after fear conditioning just before Early Extinction (No Early-
Ext, n = 10), or submitted to Early Extinction and then killed 24 h later
just before Late Extinction (No Late-Ext, n = 5). To control for a
possible contextual effect on MAPK/ERK phosphorylation, we used an
additional conditioned group that was submitted to the extinction
context alone during both extinction sessions (Ctx, n = 4). This group
was killed 1 h following Late Extinction. To control for any effects of
unconditioned fear on the level of MAPK/ERK phosphorylation, we
used nonconditioned mice that were submitted to presentations of the CS
alone during the conditioning and extinction session (CS group, n = 4),
and killed 1 h after Late Extinction. Finally, mice neither submitted to
fear conditioning nor extinction (Naive, n = 9) were killed independ-
ently of our experimental schedule.

For pharmacological experiments, conditioned mice received bilat-
eral intra-BLA injection of either the MEK inhibitor, U0126 (U0126
group; n = 16) or DMSO (DMSO group; n = 15) 10 min before
Early or Late Extinction. Twenty four hours after Late Extinction, we
evaluated the long-term effect of U0126 on fear expression by
submitting injected mice to a final test consisting of four CS
presentations. For all experiments, extinction sessions were conducted
with 20 CS-alone presentations (intertrial interval 20—180 s).

© The Authors (2006). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 24, 261-269



A

Group
1/ Early-Ext 5 tone-shocks 20 tones
3/ No Early-Ext 5 tone-shocks =
2/ Late-Ext 5 tone-shocks 20 tones
3/ No Late-Ext 5 tone-shocks 20 tones

4/ Ctx 5 tone-shocks Context alone
5/Cs 5 tones 20 tones
6/ Naive - -

Day 1: Conditioning

Day 1: Early Extinction

Requirement of amygdalar MAPK in fear extinction 263

5hr 24 hr
Conditioning Eaas J Early Extinction 0 2l Late Extinction Perfusion delays

- 1 hr post-Early Extinction
- 5 hr post-Conditioning
20 tones 15 min, 1 & 6 hr post-Late Extinction

- 24 hr post-Early Extinction
Context alone 1 hr post-Late Extinction

20 tones 1 hr post-Late Extinction

Day 2: Late Extinction

| |
60 - | |
| [
g | ; @ Cs-US
N
S 40 - | [ O cs
i | |
2 | |
20 | - |
| 390%% | 8
0 L0 QOQQé | ° |
Pre-CS CS Pre-CS 4 CS blocks Pre-CS 4 CS blocks

FiG. 1. Experimental protocol and behaviour of mice submitted to auditory fear conditioning and extinction. (A) During auditory fear conditioning, mice were
submitted either to five tone (CS)-shock (US) presentations (Early-Ext, No Early-Ext, Late-Ext, No Late-Ext and Ctx groups) or to five tone alone presentations (Cs
group) or served as naive controls (Naive group). Mice from the No Early-Ext group were perfused 5 h after fear conditioning whereas mice from the Early-Ext, and
Ctx groups were perfused 1 h after Early Extinction. The No Late—Ext group was perfused 24 h after the Early Extinction, whereas the Late—Ext group was killed at
three-time points following Late Extinction (15 min, 1 h and 6 h). The CS group was killed for immunocytochemistry 1 h following Late Extinction. The remaining
Naive group was killed independently of the experimental schedule. (B) Percentage of freezing before (Pre-CS) and during (CS and CS blocks) presentation of the
CS for conditioned (CS-US) and control (CS) mice subjected to auditory fear conditioning (Day 1, Conditioning), Early- (Day 1, Early Extinction) and Late-
(Day 2, Late Extinction) extinction sessions. All results are presented as means (= SEM).

Histology

On completion of the pharmacological experiment, mice were given
an overdose of avertine (15 mL/kg) and transcardially perfused with
4% paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were
removed and postfixed overnight, sectioned (50 pm) on a vibratome
(Leica), and mounted on gelatin-coated slides for thionine staining in
order to verify cannulae placements.

Immunohistochemistry

At the appropriate time interval (Fig. 1A), mice submitted to
immunohistochemical experiments were deeply anaesthetized with
avertin (10 mL/kg, i.p.) and perfused transcardially with ice-cold 4%
paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were
removed and postfixed overnight, sectioned (50 pm) on a vibratome

(Leica) and then kept in a solution containing 30% ethylene glycol,
30% glycerol, 0.1 M PB at —20 °C until processed for immunohist-
ochemistry. All solutions contained the phosphatase inhibitor sodium
fluoride (NaF; 0.25 mM). Free-floating sections were rinsed in 0.1 M
Tris buffer saline (TBS, pH 7.4), incubated with 0.5% H,0, in TBS to
inhibit endogenous peroxidase. After blocking in TBS containing 3%
bovine serum albumin (BSA), 2% normal goat serum and 0.2% Triton
-100, tissue sections were incubated at 4 °C for 48 h with primary
polyclonal antibodies against the phosphorylated (anti-phospho-
Thr202-Tyr204 ERK1/2, rabbit polyclonal antibody, 1 : 3000, Cell
signalling, Beverly, ME) and total (nonphosphorylated and phosphor-
ylated forms, goat polyclonal ERK1/2 antibody, 1 : 2000, Santa Cruz
Biotechnology) fractions of ERK1 and ERK2. After extensive washes
in TBS, sections were incubated in biotinylated goat anti-rabbit or
donkey anti-goat IgG (1 : 2000; Jackson Immunoresearch) for 2 h at
room temperature. Sections were again rinsed in TBS followed by

© The Authors (2006). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 24, 261-269



264 C. Herry et al.

incubation in avidin-biotinylated horseradish peroxidase complex
(Vectastain Elite kit, Vector Laboratories, Burlingame, CA) for 2 h at
room temperature. Sections were rinsed in TBS and then in TB and the
peroxidase reaction end product was visualized in 0.05 M TB (pH 7.6)
containing diaminobenzidine tetrahydrochloride (DAB, 0.025%),
0.03% H,0,, and 5% nickel ammonium sulphate for 10 min (Shu
et al., 1988). Finally, immunolabelled sections were washed in PB,
mounted on gelatin-coated slides, dehydrated and coverslipped.

Data analysis

The quantification of phospho-MAPK/ERK immunoreactivity
(PMAPK/ERK-IR) or total-MAPK/ERK immunoreactivity (tMAP-
K/ERK-IR) was carried out at X20 magnification using at least three
coronal serial sections (the rostro-caudal distance between consecutive
sections was 0.2 mm). The number of positive cells was quantified
using a computerized image analysis system (Biocom Visiolab 2000,
V4.50) in the following areas of interest [according to Franklin &
Paxinos (1997); — signifies posterior to Bregma]: BLA (lateral and
basal nuclei of the amygdala), Bregma —1.3 to —1.9 mm. In each
mouse, pMAPK/ERK-IR and tMAPK/ERK-IR was quantified within
predefined boundaries delineating the BLA. Results were then
expressed as the number of positive cells per mm>. At all stages, the
experimenter was blind to the experimental groups. pPMAPK/ERK-IR
labelling was restricted to the nucleus with no obvious cytoplasmic
changes. In contrast, tMAPK/ERK-IR was located within the
cytoplasmic and the somatic compartments. Statistical analysis of
behavioural and immunocytochemical studies were performed by
repeated measures ANOVA followed by Scheffé’s F-tests for posthoc
comparisons at the P < 0.05 level of significance. The results are
presented as mean + SEM.

Results

Extinction learning induces MAPK/ERK phosphorylation in
the basolateral amygdala

CS and CS-US mice displayed low freezing levels and did not differ
from each other during the pre-conditioning period (P > 0.05; Day 1,
Pre-CS, Fig. 1B). Freezing levels remained low in the CS group
during the entire session (P > 0.05), whereas mice in the CS-US
group displayed a progressive increase of freezing behaviour as a
function of CS—US presentations (Fig. 1B, Day 1 Conditioning, from
10 to 51% freezing). A two-factor repeated measures ANOVA
performed on these data (group X trial) yielded a significant effect
of group (F .53 = 38.751, P < 0.001), trial (<, 4 = 7.047, P < 0.001)
and interaction between group and trial (Fy,1, = 6.282, P < 0.001).
A one-factor ANOVA with repeated measures performed on the data
from the CS-US group indicated a significant increase of freezing
levels over fear conditioning trials (F4s0 = 87.093, P < 0.001). A
direct comparison between CS and CS-US mice confirmed these
results as both groups differs from each other from the second to the
last trial of fear conditioning (all P < 0.05).

Five hours later, when submitted to Early Extinction mice did not
display contextual fear generalization from the conditioning to the
extinction context as revealed by low levels of fear during the pre-
extinction period in both groups (Fig. 1B, Day 1 Early Ext, Pre-CS).
In contrast, CS-alone presentations induced high level of freezing in
the CS—-US but not in the CS group during the entire session. A two-
way ANOVA (group X blocks of extinction) performed between CS
and CS-US mice revealed a significant effect of group
(F1.44 = 13.850, P < 0.001), but not block nor interaction between

group and block (all Ps > 0.05). The next day, the Late Extinction
session induced a rapid decrease of the freezing response in mice of
the CS-US group (Fig. 1B, Day 2 Late—Ext). A two-factor repeated
measures ANOVA performed on these data (group X blocks of
extinction) yielded a significant effect of group (Fi,6 = 11.229,
P < 0.01) but not block nor interaction between group and block (all
Ps > 0.05). A one-factor ANOVA with repeated measures performed on
these data from the CS—US group indicated a significant decrease of
freezing levels over extinction trials (F4 53 = 12.149, P < 0.001). This
was confirmed by direct comparisons showing no differences between
the two groups during the last block of CS-alone presentations
(Fig. 1B, Day 2 Late—Ext, Last block, CS-US vs. CS; F 56 = 1.526,
P = ns). These results indicate that our protocol promotes a complete
extinction of conditional fear responses at the end of the Late
Extinction session.

Levels of pMAPK/ERK-IR measured following Early Extinction
were not significantly different between Early-Ext and No Early-Ext
control groups (Fig. 2A; P > 0.05). In contrast, 60 min following Late
Extinction, pMAPK/ERK-IR levels in the BLA of the Late-Ext group
were significantly different from those of the No Late-Ext control group
(Fig. 2B, Fy1; = 14.028, P < 0.01). To assess the specificity of the
extinction-induced pMAPK/ERK-IR in the BLA, we directly compared
the values obtained in the Early Ext group to those of the Late-Ext group.
Our analysis revealed a significant increase in pMAPK/ERK-IR levels
for the Late-Ext group (Fy14 = 9.513, P <0.01) indicating that
acquisition of extinction during Late-Extinction session was associated
with an increase of pMAPK/ERK-IR in the BLA. However, an
unspecific tone- or context-induced activation of MAPK/ERK could
also explain our results. To rule out these possibilities, we compare the
levels of pMAPK/ERK-IR obtained in the Late-Ext group 60 min after
Late Extinction to those of conditioned mice submitted to the context
alone during extinction training (Ctx control), or unconditioned mice
submitted to tone presentation (CS control), or naive mice (Naive;
Fig. 2B). Our analysis indicated that pMAPK/ERK-IR levels for the
Late—Ext group were significantly different from those of the Ctx, Cs and
Naive control groups (all Ps < 0.01). To control for the specificity of the
increase in pMAPK/ERK-IR levels observed in the Late-Ext group we
performed immunohistochemical analysis of the total MAPK/ERK
(tMAPK/ERK, phosphorylated and nonphosphorylated forms of ERK1
and ERK?2) in a subset of mice from the Late-Ext and the No Late-Ext
groups (Fig. 2C). Our results indicate that tMAPK/ERK was not
significantly different between No Late-Ext and Late-Ext groups. To
examine further the kinetic of MAPK activation following Late-
Extinction we compared pMAPK/ERK-IR levels obtained in mice
killed 15, 60 and 360 min in the Late-Ext group to those of the
nonextinguished control group (No Late-Ext group) (Fig. 2D). A one-
way ANOVA performed on these data revealed a significant increase in
pMAPK/ERK-IR within the BLA (F3,9 = 5.275, P < 0.01). Interest-
ingly, direct comparison revealed a significant activation of
PMAPK/ERK-IR at each time point examined after Late Extinction
(all Ps < 0.05) with a maximum observed 60 min after Late Extinction.
The three-fold increase in pMAPK/ERK-IR 15 min after Late-
Extinction in the conditioned group suggests that MAPK/ERK
activation was already initiated during Late Extinction session.
Figure 2E shows representative images of pMAPK/ERK-IR within
the BLA of Late- and No Late-Ext groups of mice.

Extinction learning requires MAPK/ ERK activation in the BLA

Eight out of 31 animals were excluded from the statistical analysis due
to misplaced injection cannulae. The placement of the cannulae for the
remaining animals is shown in Fig. 3A. To address the question
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FIG. 2. Activation pattern of MAPK/ERK in the amygdala following acquisition of extinction. (A) Number of positive phosphorylated MAPK/ERK
(pPMAPK/ERK) cells per mm? in the No Early-Ext and Early-Ext groups following Early Extinction session in the BLA. (B) Number of positive pMAPK/ERK
cells per mm? in the BLA of mice submitted to Late Extinction session [Late—Ext (60 min delay), Ctx, Cs and Naive groups] and in non extinguished control mice
(No Late-Ext). (C) Number of positive cells per mm? in the BLA for the total MAPK/ERK (tMAPK/ERK) in the No Late-Ext and Late-Ext groups following Late
Extinction. (D) Number of positive pMAPK/ERK cells per mm? in the Late-Ext group expressed as a percentage of No Late-Ext control group at 15, 60 or
360 min following Late Extinction session in the BLA. (E) Representative photomicrographs showing the distribution of pMAPK/ERK positive cells in the BLA
of extinguished (Late-Ext, 60-min delay) and non-extinguished (No Late-Ext) mice. Late-Ext vs. No Late-Ext, Ctx and Cs: **P < 0.01; *P < 0.05. Late-Ext vs.

Naive: "1TP < 0.001.

whether MAPK/ERK signalling is required for acquisition of
extinction, the MEK inhibitor, U0126, was injected bilaterally into
the BLA in one group of mice 10 min before Early (Fig. 3B, U0126
group) or Late Extinction (Fig. 3C, U0126 group). The second group
was injected with DMSO serving as a control group (Fig. 3B and C,
DMSO group). Mice submitted to fear conditioning and injected
before Early Extinction displayed low freezing levels and did not
differ from each other during the pre-conditioning period (Fig. 3B,
Day 1, Pre-CS, P > 0.05). Following the first CS—-US association,
mice of both groups (U0126 and DMSO control groups) displayed a
progressive increase in freezing behaviour. A two-factor repeated
measures ANOVA performed on these data (group X trial) yielded a
significant effect of trial (Fig. 3B, Day 1 F;4 = 26.782, P < 0.001)
but not group nor interaction between group and trial (all Ps > 0.05).
Direct comparisons revealed no significant differences in the freezing
level between U0126 and DMSO groups through the whole condi-
tioning session (all Ps > 0.05). The injection of U0126 prior to Early
Extinction did not induce notable changes in freezing level during

Early, Late Extinction or during the post-extinction test in comparison
to the DMSO control group (all Ps > 0.05). In addition, both groups
reached the baseline freezing level at the end of Late Extinction (Pre—
CS vs. last block of CS, both groups Ps > 0.05) indicating that
extinction of conditioned fear was complete after Late Extinction.
Mice from the U0126 and DMSO groups submitted to fear
conditioning and injected before Late Extinction did not differ from
each other during the pre-conditioning period (Fig. 3C, Day 1, Pre—
CS, P > 0.05), or during the conditioning session characterized by a
progressive increase in freezing levels. A two-factor repeated meas-
ures ANOVA performed on these data (group X trial) yielded a
significant effect of trial (Fig. 3C, Day 1 F; 4 = 15.445, P < 0.001)
but not group nor interaction between group and trial (all Ps > 0.05).
Direct comparisons revealed no significant differences in the freezing
level between U0126 and DMSO groups through the whole condi-
tioning session (all Ps > 0.05). Five hours later, when submitted to
Early Extinction, injected mice did not display contextual fear
generalization (Fig. 3C, Day 1 Early Extinction, Pre—CS). During
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this session, CS-alone presentations induced high level of freezing in
both groups. A two-way ANOVA (group X blocks of extinction)
performed on these data revealed a significant effect of block
(F14 = 3.428, P<0.01), but not group nor interaction between
groups and block (all Ps > 0.05). This later result indicates that U0126
and DMSO groups did not differ from each other in freezing level
during Early Extinction. When put back in the extinction context 24 h
later, mice did not display any fear generalization (Fig. 3B, Day 2 Late
Extinction, Pre—CS). During the first block of CS-alone presentations,
both groups of mice expressed high level of freezing responses and did
not significantly differ from each other (P > 0.05). A two-factor
repeated measures ANOVA performed on the data from Early
Extinction (group X blocks of extinction) indicated a significant effect
of group (Fii0= 18.827, P <0.01) and block (F;4 = 5.282,
P < 0.01), but not interaction between group and block (P > 0.05).
Importantly, a one-factor ANOVA with repeated measures performed on
these data indicated a significant decrease of freezing levels over
extinction trials for the DMSO group only (F420 = 8.234, P < 0.001).
A direct comparison between groups on each block of extinction
confirmed these results as U0126 and DMSO groups differed
significantly from the third to the last block of Late Extinction (all
Ps <0.05). To avoid confounding effects between acquisition and
expression mechanisms, injected mice were submitted to a final test
session 24 h after Late Extinction in the absence of U0126 (Fig. 3C,
Day 3 Test). Whereas no significant differences were observed
between the two groups during the pre-test period (Fig. 3C, Day 3
Test, Pre-CS), presentations of the CS induced a large and signifi-
cantly different fear response in the U0126 group in comparison to the
control DMSO group (F;.19 = 34.656, P < 0.001). All together these
results indicate that inhibition of MAPK/ERK signalling in the BLA
before Late but not Early Extinction prevents the acquisition of
extinction.

Discussion

The two main findings of this study are that (i) extinction of auditory
fear conditioning induces an increase in MAPK/ERK phosphoryla-
tion in the BLA, and (ii) that inhibition of the MAPK/ERK signalling
pathway in the BLA prevents the acquisition of extinction memory.
Thus, our results demonstrate that activation of the MAPK/ERK
signalling pathway in the BLA is required for extinction of auditory
fear conditioning, as previously shown for extinction of the fear
potentiated startle (Lu ef al., 2001). In addition, this study reveals that
MAPK/ERK signalling in the BLA is also necessary for the
acquisition of fear extinction.

Bilateral intra-BLA infusion of the MEK inhibitor, U0126, before
Late but not Early Extinction prevented the acquisition of extinction.
Whereas control animals exhibited a progressive decrease in freezing
behaviour during repeated nonreinforced presentation of the CS, the
same protocol was completely ineffective in animals injected with
U0126 before Late Extinction. This effect cannot be attributed to a
deficit in the expression of extinction only, because when animals
were tested 24 h later in a drug free state, U0126 injected mice were
unable to recall fear extinction. This indicates that inhibition of the
MAPK/ERK signalling pathway is necessary for the acquisition of
extinction memory. A similar deficit in the acquisition of extinction is
induced by LVGCC blockers (Cain et al., 2002; Suzuki et al., 2004),
but not by NMDAR antagonists (Santini et al., 2001; Suzuki et al.,
2004). Indeed, recent studies indicate that LVGCC-mediated calcium
entry underlies NMDAR-independent activation of MAPK and
synaptic plasticity in hippocampal neurons (Thomas & Huganir,
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2004; Moosmang et al., 2005). Thus, LVGCC-mediated activation of
the MAPK/ERK signalling pathway in the BLA may underlie
acquisition of fear extinction.

What might be the mechanism(s) by which MAPK/ERK activation
contributes to the acquisition of fear extinction? Initially, MAPK/ERK
activation might act directly on processes underlying synaptic plasticity
and dendritic integration. While studies in the amygdala are largely
lacking, experiments carried out in the hippocampus indicate that
MAPK/ERK-dependent phosphorylation regulates synaptic AMPAR
trafficking (Zhu et al., 2002), and activation of dendritic voltage-gated
potassium channels (Yuan et al., 2002; Morozov et al., 2003). Later
stages of acquisition of extinction are protein synthesis-dependent
(Berman & Dudai, 2001; Lin et al., 2003c; Suzuki et al., 2004).
Consistent with a role for MAPK/ERK-mediated control of local
protein synthesis during the acquisition of fear extinction, recent studies
implicate the MAPK/ERK pathway in controlling rapid local transla-
tion during the stabilization of newly formed hippocampal memories
(Kelleher et al., 2004; Thomas & Huganir, 2004). Importantly, the
extinction induced up-regulation of the protein phosphatase calcineurin
in the BLA has been shown to depend on de novo protein synthesis (Lin
et al., 2003¢), and inhibition of calcineurin interferes with extinction
(Lin et al., 2003b). Together, these observations indicate that acquisition
of extinction may involve, at least in part, a MAPK/ERK-dependent
control of mRNA translation in the BLA. MAPK/ERK signalling has
been implicated in many forms of synaptic plasticity including long-
term potentiation (LTP) and long-term depression (LTD) (for review see
Sweatt, 2004; Thomas & Huganir, 2004). Accordingly, we can only
speculate as to whether the present deficit in extinction learning involves
an enhancement of specific synaptic circuits sustaining fear extinction,
or the reversal (that is, depotentiation) of fear conditioning-induced LTP
(Rosenkranz & Grace, 2002; Lin et al., 2003a, b; Rumpel ef al., 2005).

There is accumulating evidence indicating that fear extinction
involves activation and/or plasticity of inhibitory circuits in the
amygdala (Royer & Paré, 2002; Marsicano et al., 2002; Rosenkranz &
Grace, 2003; Berretta ef al., 2005; Chhatwal et al., 2005). Given that
activation of the MAPK/ERK pathway has been shown to regulate
presynaptic GABA release in cortex (Matsumoto et al., 2006), and
expression of GABA, receptor subunits in cerebellum (Xie et al.,
2004), it will be interesting to explore how activation of MAPK/ERK
signalling influences function and plasticity of inhibitory circuits in the
amygdala.

During consolidation of long-term extinction memory MAPK/
ERK-dependent activation of transcription may become an important
factor. Indeed, we observed that MAPK/ERK phosphorylation peaked
1 h after completion of extinction training. Consistent with subsequent
induction of transcriptional events, we recently reported an increase in
the expression of the IEGs c-fos and zif268 in the BLA 2 h after
extinction learning (Herry & Mons, 2004). Moreover, spontaneous
recovery of fear one week after extinction training was associated with
reduced IEG expression in the BLA. Both MAPK/ERK phosphory-
lation and induction of IEG expression occurred in the BLA (Herry &
Mons, 2004; present study). However, the relative contribution of
amygdalar subnuclei in extinction-related plasticity is still unknown.
In particular, the implication of the lateral nucleus of the amygdala
during extinction of conditioned fear has been difficult to assess due to
the fact that lesions of this nucleus prevent acquisition of fear
conditioning (Nader et al., 2001). Interestingly, two recent studies
have investigated the effect of lesions of the basal nucleus of the
amygdala (BL) on extinction of auditory fear conditioning. Pre-
training lesions had no effect on extinction learning, suggesting that
BL is not necessary for acquisition of extinction (Sotres-Bayon et al.,
2004; Anglada-Figueroa & Quirk, 2005). However, in their study,
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Anglada-Figueroa & Quirk (2005) also evaluated the effect of a post-
training lesion of BL onto acquisition of extinction. Surprisingly, post-
training BL lesions completely blocked expression of conditioned fear.
Even though these results are of particular relevance for the
understanding of the amygdala microcircuitry involved in fear
conditioning, it prevents any firm conclusion about the implication
of BL during extinction learning.

In conclusion, our results show that activation of the MAPK/ERK
signalling pathway in the BLA underlies the acquisition of extinction
of auditory fear conditioning. Moreover, this study unambiguously
identifies a role for neuronal plasticity in the BLA during learning of
extinction. Further experiments are required to fully understand the
relative contributions of the different amygdala subnuclei for the
acquisition and expression of fear extinction. Also, it remains to be
shown, whether, and under which conditions the BLA, together with
mPFC and hippocampal circuits, participates to consolidation and
long-term storage of extinction memory.
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