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Abstract Over the past few years multiple studies have

attempted to uncover molecular signatures of memory recon-

solidation when compared to consolidation. In the present

study we used immunocytochemical detection of the MAPK/

ERK1/2 pathway, to track activated neuronal circuits in the

hippocampus and amygdala recruited during the consolidation

and reconsolidation of a contextual fear conditioning (CFC)

memory. We report selective differences in magnitude and

temporal dynamics of activated ERK1/2 signalling in different

subregions of these two structures between the post-training

and post-retrieval periods, except in the dentate gyrus, where

the patterns of activation were similar. We then focused on this

brain area to dissect out the patterns of downstream ERK1/2

signalling components, including the phosphorylation of

MSK-1 and histone H3 on ser10, along with the induction of

the Immediate Early Genes (IEGs) Arc/Arg3.1, c-Fos and

Zif268/Egr1 following CFC training and retrieval. We found

that the completion of the nucleosomal response as well as the

induction of IEGs shorter during the reconsolidation period as

compared to consolidation. Our results shed new light on the

cellular mechanisms underlying the consolidation and recon-

solidation processes engaged following CFC training and

retrieval and further extend the notion that memory reconsol-

idation is not mechanistically a repetition of consolidation. In

addition, we provide evidence that the strength of a previously

established CFC memory is characterized by distinct patterns

of ERK1/2 activation in different hippocampal and amygdalar

subfields upon CFC memory recall. Our results emphasize the

differences between consolidation and reconsolidation pro-

cesses in relation to contextual fear memories.
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Abbreviations

BLA Basolateral amygdala

CeA Central amygdala

CFC Contextual fear conditioning

ChR2 Channelrhodopsin-2

CRE cAMP response element

DG Dentate gyrus

ERK Extracellular-signal Regulated Kinase

H3 Histone H3

IEG Immediate early gene

LA Lateral amygdala

MAPK Mitogen-activated protein Kinase

MEK MAPK ERK kinase

MSK Mitogen and Stressed-activated protein Kinase
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Introduction

Fear conditioning is a commonly used paradigm to study

learning and memory. This task can be designed to tax

spatial/contextual (contextual fear conditioning—CFC) or

non-spatial fear memory (cued or Pavlovian associative fear

conditioning) where performance is motivated by emotions.

The neuroanatomical substrate of fear memory formation

has been extensively studied over the last two decades

(Maren and Fanselow 1996; Fanselow and LeDoux 1999;

Fendt and Fanselow 1999; Fanselow 2000; Maren and

Quirk 2004; LeDoux 2000). Memory consolidation refers to

the time-dependent stabilization process that leads to long-

term storage of a newly acquired memory (McGaugh 2000).

Compelling evidence also now suggests that reactivation of

memory during retrieval can trigger the destabilization of

the memory trace (Nader and Hardt 2009), a process that

has been hypothesized to allow the updating of reactivated

memories through the so-called reconsolidation process

(Lee 2009). The degree of similarity between the events

present at memory recall and the past learning experience is

thought to gate the competition between new learning

involving consolidation processes and memory updating

involving reconsolidation processes (Besnard 2012; Besnard

et al. 2012; Osan et al. 2011). Several lines of evidence now

support the idea that reconsolidation recruits specific mecha-

nisms that are not crucially involved in the consolidation

process (Tronson and Taylor 2007).

At the cellular level, it is now well established that the

learning of a new event increases the activity of several

protein kinases, among which ERK1/2 is a major player

(Thomas and Huganir 2004). For example, both contextual

and cued fear learning are associated with a rapid and

transient hyperphosphorylation of ERK1/2 in different

subfields of the hippocampus (Sananbenesi et al. 2002;

Trifilieff et al. 2006) and amygdala (Schafe et al. 2000;

Radwanska et al. 2002; Trifilieff et al. 2007). Moreover,

ERK1/2 activity in neurons is required for fear-motivated

learning (Atkins et al. 1998; Selcher et al. 1999). MEK

inhibitors that prevent ERK1/2 activation indeed impair

cued (Schafe et al. 2000) and contextual (Athos et al. 2002)

fear memory consolidation when infused into the lateral

amygdala (LA) and hippocampus, respectively. These

results are recapitulated in mutant mice expressing a

dominant negative of MEK-1 (Kelleher et al. 2004; Shalin

et al. 2004). Similarly, MEK inhibitors impair reconsoli-

dation of cued fear memory when infused into the LA

before recall (Duvarci et al. 2005; Doyere et al. 2007).

However, whether ERK1/2 follows the same dynamics of

activation during consolidation and reconsolidation

remains to be established. Furthermore, present models of

signalling in neurons suggest that ERK1/2 controls tran-

scriptional events required for memory stabilization, but

most ERK1/2 downstream molecular events involved, and

their dynamics of activation in consolidation and recon-

solidation, have as yet been poorly investigated.

Phosphorylation events are temporally limited (seconds

to minutes) as opposed to the long-lasting expression of

immediate early genes (IEGs) (minutes to hours). In this

regard, cellular imaging of ERK1/2 phosphorylation has

been previously used to explore the time-course of cellular

activation in the hippocampus and amygdala following

contextual and cued fear conditioning (Trifilieff et al. 2006,

2007). Such cellular imaging technique can also be applied

to examine the post-translational modifications of histones

underlying chromatin remodelling. The analysis of H3

(ser10) phosphorylation is therefore well suited for imaging

intermediate events at the interface between the activation

of ERK1/2 and the transcriptional programs leading to the

induction of Arc/Arg3.1, c-Fos and Zif268 proteins via

chromatin decompaction in response to mitogenic signal-

ling (Brami-Cherrier et al. 2009).

In the present study, we first compared following CFC

training and retrieval the temporal dynamic of ERK1/2

phosphorylation in different subregions of the hippocampus

and amygdala. Second, we focused on the dentate gyrus

(DG), a brain region in which the activation of a sparse but

specific ensemble of neurons that contribute to a fear

memory engram is sufficient for the recall of that memory

(Liu et al. 2012) recently evidenced as an important hippo-

campal subfield involved in CFC consolidation and recon-

solidation (Sekeres et al. 2012). In this hippocampal

subfield, in association with the patterns of ERK1/2 signal-

ling activity following CFC training and retrieval, we ana-

lysed MSK-1 phosphorylation, a direct downstream target of

ERK1/2, H3 (ser10) phosphorylation, a landmark of chro-

matin remodelling, and the expression of the IEGs Arc/

Arg3.1, c-Fos and Zif268. Finally, we examined the rela-

tionship between the strength of a previously established

CFC memory and the pattern of ERK1/2 phosphorylation in

the hippocampus and amygdala upon recall. We report a

substantial difference in the magnitude and temporal

dynamic of ERK1/2 signalling activity at the anatomical and

molecular levels following CFC training and retrieval. Our

results emphasize the differences between consolidation and

reconsolidation processes and further raise the question as to

whether this specific observation can be extended to cued

fear memory and to other forms of memory.

Materials and methods

Mice

All experiments were conducted in accordance with the stan-

dard ethical guidelines (European Communities Guidelines
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on the Care and Use of Laboratory Animals: 86/608/EEC).

Pharmacological and immunohistochemistry experiments

were carried out in (10 week old) C57BL/6j male mice

(Janvier, Le Genest St. Isle, France). Mice were maintained

in a 12 h light/dark cycle in stable conditions of tempera-

ture (22 �C) and humidity (60 %), with food and water

ad libitum. Testing was performed during the light phase of

the cycle. Three days before the experiments, mice were

briefly handled each day.

Contextual fear conditioning (CFC)

General procedure

Mice were trained in conditioning chambers (17.5 9 17.5 9

15 cm) that had stainless steel rod floor through which

scrambled footshocks could be delivered. Training consisted

of placing mice in the chamber and delivering an unsignalled

footshock (2 s duration 0.7 mA) 150 s later. Mice were

returned to the home cage 30 s after the footshock. Memory

was assessed as the percentage of time mice spent freezing

when replaced in the training context. Freezing behaviour

(defined as complete lack of movement, except for respira-

tion) was assessed at 5 s intervals over a 300-s period

(Fanselow 1980).

In the first set of experiments (Figs. 1, 2, 3, 4, 5, 6), 37 mice

were used. Nine groups of mice were trained and one control

group was perfused without being trained (No training con-

trol group, n = 3). Four groups were perfused at different

time-points (0 min, n = 3; 15 min, n = 4; 30 min, n = 4

and 60 min, n = 4) following training (Training groups). On

subsequent day, one of the five remaining groups was per-

fused without being submitted to a retrieval test (No retrieval

control group, n = 3). The last four groups were perfused at

different time-points (0 min, n = 4; 15 min, n = 4; 30 min,

n = 4 and 60 min, n = 4) following a 5-min re-exposure

session to the shock-paired context (Retrieval groups).

In the second set of experiments (Fig. 7b, c), 24 mice were

used. Three groups of mice were trained with either 0

(n = 8), 1 (n = 8) or 3 (n = 8) footshocks during the training

session. The next day, freezing behaviour was assessed by re-

exposing the three groups to the shock-paired context.

In the third set of experiments (Fig. 7d–h), 16 mice were

used. Three groups of mice were trained with either 0 (n = 4),

1 (n = 4) or 3 (n = 4) footshocks during the training session.

The next day, the three groups were perfused immediately

following a 5-min re-exposure session to the shock-paired

context. A group of naive mice was used as control (n = 4).

Tissue preparation and immunohistochemistry

Mice were anaesthetized immediately after the 300 s retrieval

session with pentobarbital (500 mg/kg, i.p.; Sanofi-Aventis,

Paris, France) and perfused transcardially with a fixative

solution containing 4 % paraformaldehyde (PFA) (w/v) in

0.1 M Na2HPO4/Na2HPO4 buffer, pH 7.5 (4 �C), delivered

via a peristaltic pump at 20 ml/min for 5 min. Brains were

post-fixed overnight in the same solution and stored at

4 �C. Sections (30 lm thick) were cut with a vibratome

(Leica, Nussloch, Germany) and kept at -20 �C in solution

containing 30 % ethylene glycol (v/v), 30 % glycerol (v/v),

and 0.1 M phosphate buffer. Sections were then processed

as follows. Day 1, free-floating sections were rinsed three

times for 10 min in Tris-buffered saline (TBS; 25 mM

Tris–Cl, 150 mM NaCl, pH 7.5), followed by a perme-

abilization step 15 min in 0.2 % Triton X-100 in TBS.

Note that for P-H3 immunostaining, sections were incu-

bated for 5 min in TBS containing 3 % H2O2 and 10 %

methanol at the very beginning of the experiment. For the

detection of all phosphorylated proteins, 50 mM NaF was

added in buffers and incubation solutions, as described

previously (Sgambato et al. 1998). After three rinses in

TBS the sections were incubated overnight at 4 �C with the

primary antibodies. Day 2, sections were rinsed three times

for 10 min in TBS and incubated for 90 min with a goat

anti-rabbit Cy3-coupled secondary antibody (1:500; GE

Healthcare, Piscataway, NJ). Sections were rinsed three

times for 10 min in TBS and three times for 10 min in Tris

Buffer (0.25 M Tris) before mounting in Vectashield

(Vector Laboratories).

Primary antibodies

Cellular imaging of phosphorylated proteins was conducted

using rabbit polyclonal antibodies against diphospho-Thr-

202/Tyr-204-ERK1/2 (1:400; Cell Signaling Technology),

phospho-Thr-581-MSK-1 (1:750; Cell Signaling Technol-

ogy) and phospho-Ser-10-H3 (1:500; Millipore). The

expression of IEGs was analysed using rabbit polyclonal

antibodies against Arc/Arg3.1 (1:500; Synaptic Systems),

c-Fos (1:800; Santa Cruz Biotechnology) and Zif268

(1:800; Santa Cruz Biotechnology).

Image analysis

Images were acquired bilaterally (209 objective) in each

region of interest as indicated by grey areas on mouse brain

coronal sections at various Bregma coordinates along the

rostrocaudal axis (Franklin and Paxinos 2007). High-re-

solution reconstruction of the different hippocampal and am-

ygdalar subfields was achieved by combining multiple images

with overlapping fields of view using image editor software

(Photoshop, Adobe, San Jose, CA). Quantifications were per-

formed using image analyser software (Image-Pro Plus; Media

Cybernetics, Silver Spring, MD), taking into account cells with

nuclear immunofluorescence above background.
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Statistics

Data are presented as the mean ± SEM. Time-courses

following CFC training and retrieval were analysed using a

one-way ANOVA followed by Dunett’s post hoc test for

specific comparisons (Figs. 1, 2, 4, 5). Comparison of time-

courses were analysed using a non-repeated measures

two-way ANOVA with the between-subjects factor of

procedure and the within-subjects factor of time, followed

by Bonferroni post hoc test for specific comparisons

(Figs. 3, 6). The effect of the number of footshocks on

freezing behaviour and ERK1/2 phosphorylation was

analysed using a one-way ANOVA followed by Newman–

Keuls post hoc test for specific comparisons (Fig. 7). Two-

way ANOVA was followed by post hoc test only when the

interaction between factors was statistically significant

(Nieuwenhuis et al. 2011). In all cases, significance

threshold was set at p \ 0.05.

Results

Distinct patterns of ERK1/2 activity in hippocampal

and amygdala subfields during consolidation

and reconsolidation of CFC memory

We first analysed the pattern of ERK1/2 phosphorylation

on Thr202 and Tyr204 residues (noted P-ERK1/2 since

ERK1 and ERK2 cannot be discriminated in our immu-

nohistochemical conditions), throughout the hippocampus

and amygdala (Figs. 1a, 2a) at different time-points (0, 15,

30 and 60 min) following CFC training (Fig. 1b) and

retrieval (Fig. 2b). In the DG the number of P-ERK1/2-

positive cells was significantly increased immediately after

training (Fig. 1c, g) and retrieval (Fig. 2c, g) and returned

to basal levels within 15 min. In this hippocampal subfield,

the pattern of ERK1/2 phosphorylation was similar fol-

lowing CFC training and retrieval (Fig. 3b: effect of time,

p \ 0.001; effect of procedure, NS; interaction, NS). In the

dorsal hippocampal CA3, the number of P-ERK1/2-posi-

tive cells was not significantly altered after training

(Fig. 1d, g) or retrieval (Fig. 2d, g), thus showing no dif-

ference when comparing the post-training and post-retrie-

val periods (Fig. 3b: effect of time, NS; effect of

procedure, NS; interaction, NS). In the dorsal hippocampal

CA1 region, the number of P-ERK1/2-positive cells was

significantly increased immediately after training (Fig. 1e,

g), returning towards basal levels within 60 min. The

number of P-ERK1/2-positive cells was also increased after

retrieval, peaking 30 min after the test (Fig. 2e, g). Com-

parison of the two conditions revealed that the pattern of

ERK1/2 phosphorylation in CA1 was significantly higher

following CFC training than following retrieval (Fig. 3b:

effect of time, p \ 0.001; effect of procedure, p \ 0.001;

interaction, p \ 0.01). In the LA and BLA, the number of

P-ERK1/2-positive cells was significantly increased

immediately (0 and 15 min) after training (Fig. 1f, g) and

in a delayed manner (30 min) after retrieval (Fig. 2f, g),

returning towards basal level within 60 min. The pattern of

phosphorylation was therefore significantly higher after

training than after retrieval at the two early time-points of 0

and 15 min (Fig. 3b: LA: effect of time, NS; effect of

procedure, p \ 0.05; interaction, p \ 0.05; BLA: effect of

time, p \ 0.05; effect of procedure, p \ 0.01; interaction,

p \ 0.01). The pattern of activation was different in the

central amygdala (CeA), where the number of P-ERK1/2-

positive cells progressively increased during the first

60 min following training (Fig. 1f, g) and 30 min after

retrieval (Fig. 2f, g), returning to basal level within 60 min,

with again a significant difference between the patterns of

activation in the two conditions (Fig. 3b: effect of time,

p \ 0.01; effect of procedure, NS; interaction, p \ 0.01).

Distinct patterns of IEGs expression

during consolidation and reconsolidation of CFC

memory

The IEGs c-Fos, Zif268 and Arc/Arg3.1 are commonly

used as activity markers for the mapping of behaviourally

activated circuits for reviews (Guzowski et al. 2005;

Tzingounis and Nicoll 2006; Kubik et al. 2007). Extracellular

Fig. 1 Time-course of ERK1/2 phosphorylation throughout the

hippocampus and amygdala following CFC training. a ERK1/2

phosphorylation (P-ERK1/2) immunoreactive cells were analysed in

the hippocampus and amygdala as indicated by grey areas on mouse

brain coronal sections at various bregma coordinates. b We analysed

the pattern of P-ERK1/2 at different time-points (0, 15, 30 and

60 min) following CFC training. Naive mice that did not undergo

CFC training were used as control. c In the DG, the number of

P-ERK1/2-positive cells was significantly increased immediately after

training and returned to basal level within 15 min. d In the dorsal

hippocampal CA3, the number of P-ERK1/2-positive cells was

slightly increased immediately after training and returned to basal

level within 60 min. e In the dorsal hippocampal CA1, the number of

P-ERK1/2-positive cells was strongly increased immediately after

training and progressively returned to basal level within 60 min. f In

the LA and BLA the number of P-ERK1/2-positive cells was

increased immediately after training and progressively returned to

basal level within 60 min. In the CeA the number of P-ERK1/2-

positive cells was increased 30 min and a second wave of ERK1/2

phosphorylation was detected 60 min after training. g Quantifications

of P-ERK1/2 immunoreactive cells in the DG, CA3, CA1, LA, BLA

and CeA at different time-points following CFC training. Data

(mean ± SEM; n = 3–4 mice per group) were analysed using one-

way ANOVA (between subjects) for DG (F(4,13) = 50.20,

p \ 0.001); for CA3 (F(4,13) = 1.34, NS); for CA1 (F(4,13) = 15.59,

p \ 0.001); for LA (F(4,13) = 2.67, NS); for BLA (F(4,13) = 3.41,

p \ 0.05); for CeA (F(4,13) = 7.27, p \ 0.01); followed by post hoc

comparisons (Dunett’s multiple test). *p \ 0.05, **p \ 0.01,

***p \ 0.001, present time-point versus control. Scale bars 100 lm

b
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stimuli can trigger the rapid activation of c-Fos, Zif268 and

Arc/Arg3.1 through different responsive elements present

in their promoter regions such as the CRE consensus

sequence (Changelian et al. 1989; Herrera et al. 1997;

Kawashima et al. 2009). Recent evidence indicates that

increasing CRE-dependent transcription in the DG results

in the enhancement of CFC consolidation and reconsoli-

dation (Sekeres et al. 2012). The neurons activated upon

CFC learning seem to be involved in the allocation of the

memory engram. For instance, optogenetic reactivation of

a sparse but specific ensemble of neurons in the DG that

previously expressed c-Fos during CFC training was shown

to be sufficient to induce freezing behaviour (Liu et al.

2012). Having established the temporal pattern of ERK1/2

activation following CFC learning and retrieval, we

therefore analysed the components of ERK signalling

pathway along with IEGs expression. Since ERK1/2 was

rapidly but transiently activated in the DG, we selected this

specific hippocampal subfield to obtain relevant informa-

tion on the magnitude and temporal window of expression

Fig. 2 Time-course of ERK1/2 phosphorylation throughout the

hippocampus and amygdala following CFC retrieval. a P-ERK1/2

immunoreactive cells were analysed in the hippocampus and amyg-

dala as indicated by grey areas on mouse brain coronal sections at

various bregma coordinates. b We analysed the pattern of P-ERK1/2

at different time-points (0, 15, 30 and 60 min) following CFC

retrieval. Trained mice that did not undergo CFC retrieval were used

as control. c In the DG, the number of P-ERK1/2-positive cells was

significantly increased immediately after retrieval and returned to

basal level within 15 min. d In the dorsal hippocampal CA3, the

number of P-ERK1/2-positive cells was slightly increased immedi-

ately after retrieval. e In the dorsal hippocampal CA1, the number of

P-ERK1/2-positive cells was strongly increased immediately after

retrieval and progressively returned to basal level within 60 min. f In

the LA, BLA and CeA, the number of P-ERK1/2-positive cells was

increased 30 min after retrieval and returned to basal level within

60 min. g Quantifications of P-ERK1/2 immunoreactive cells in the

DG, CA3, CA1, LA, BLA and CeA at different time-points following

CFC retrieval. Data (mean ± SEM; n = 3–4 mice per group) were

analysed using one-way ANOVA (between subjects) for DG

(F(4,14) = 12.99, p \ 0.001); for CA3 (F(4,14) = 1.26, NS); for CA1

(F(4,14) = 3.12, p \ 0.05); for LA (F(4,14) = 2.67, NS); for BLA

(F(4,14) = 5.33, p \ 0.01); for CeA (F(4,14) = 4.52, p \ 0.05); fol-

lowed by post hoc comparisons (Dunett’s multiple test). *p \ 0.05,

**p \ 0.01, present time-point versus control. Scale bars 100 lm

Fig. 3 Comparative patterns of ERK1/2 phosphorylation throughout

the hippocampus and amygdala following CFC training and retrieval.

a We compared the pattern of ERK1/2 phosphorylation at different

time-points (0, 15, 30 and 60 min) following CFC training (black

circles) and retrieval (grey circles). b The number of P-ERK1/2

immunoreactive cells was normalized to controls. In the DG the

percent increase of P-ERK1/2-positive cells and the temporal profile

of activation were similar following training and retrieval. In the

dorsal hippocampal CA3 the percent increase of P-ERK1/2 was not

significantly different following CFC training and retrieval. In the

dorsal hippocampal CA1 the percent increase of P-ERK1/2-positive

cells was significantly higher following CFC training than retrieval. In

the LA, BLA and CeA the percent increase of P-ERK1/2 immuno-

reactive cells was significantly different following CFC training and

retrieval. Whereas the peak of increase in P-ERK1/2 immunoreactive

cells was observed immediately following CFC training, it was

delayed following CFC retrieval (30 min). Data (mean ± SEM;

n = 3–4 mice per group) were analysed using two-way ANOVA: for

DG: effect of time F(4,27) = 48.22, p \ 0.001; effect of procedure,

F(1,27) = 1.85, NS; interaction, F(4,27) = 1.97, NS; for CA3: effect of

time F(4,27) = 1.66, NS; effect of procedure, F(1,27) = 3.47, NS;

interaction, F(4,27) = 0.91, NS; for CA1: effect of time

F(4,27) = 14.64, p \ 0.001; effect of procedure, F(1,27) = 16.69,

p \ 0.001; interaction, F(4,27) = 4.86, p \ 0.01; for LA: effect of

time F(4,27) = 2.04, NS; effect of procedure, F(1,27) = 7.03, p \ 0.05;

interaction, F(4,27) = 3.39, p \ 0.05; for BLA: effect of time

F(4,27) = 3.46, p \ 0.05; effect of procedure, F(1,27) = 11.91,

p \ 0.01; interaction, F(4,27) = 4.9, p \ 0.01; for CeA: effect of time

F(4,27) = 5.26, p \ 0.01; effect of procedure, F(1,27) = 1.39, NS;

interaction, F(4,27) = 5.71, p \ 0.01; followed by post hoc compar-

isons (Bonferroni test). #p \ 0.05, ###p \ 0.001, training versus

retrieval

b
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of these downstream events when ERK1/2 phosphoryla-

tion, the initial step in the cascade, is terminated.

We first analysed MSK-1 and histone H3 (ser10)

phosphorylation, two well-established nuclear targets of

ERK1/2 that are implicated in chromatin remodelling.

ERK1/2 activity controls the phosphorylation state of

histone H3 at ser10 residue via the nuclear protein kinase

MSK-1 (Brami-Cherrier et al. 2009). This molecular event

is considered a landmark of chromatin remodelling since it

triggers the induction of chromatin decompaction in

response to mitogenic signalling (Bode and Dong 2005).

Such involvement of ERK1/2 signalling in the nucleosomal
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response is thought to participate in synaptic plasticity,

learning and memory (Day and Sweatt 2011). Consistent

with this, CFC-mediated ERK1/2 activation in CA1 sub-

field was demonstrated to control MSK-1 (Sindreu et al.

2007) and histone H3 (ser10) (Chwang et al. 2006) phos-

phorylation depending on MSK-1 activity (Chwang et al.

2007).

Here, we found that the number of phospho-MSK-1

(Thr-581 residue, noted P-MSK-1) positive cells was sig-

nificantly increased in the DG (Figs. 4a, 5a) immediately

after training (Fig. 4c, h) and retrieval (Fig. 5c, h) and

returned to basal levels within 15 min and the pattern of

MSK-1 phosphorylation was similar following CFC train-

ing and retrieval (Fig. 6b: effect of time, p \ 0.001; effect

of procedure, NS; interaction, NS). Interestingly, in the DG

the pattern of MSK-1 phosphorylation strongly matched

that of ERK1/2 following CFC training and retrieval

(Fig. 6b). In contrast, the number of P-H3 (ser10) positive

cells progressively increased over the first 30 min follow-

ing CFC training (Fig. 4d) and the first 15 min following

CFC retrieval (Fig. 5d), returning to basal levels within

60 min in both cases. The pattern of H3 (ser10) phos-

phorylation was thus significantly different following CFC

training and retrieval (Fig. 6b: effect of time, p \ 0.001;

effect of procedure, p \ 0.01; interaction, NS).

Analyses of IEGs expression in this hippocampal sub-

field showed that the number of cells expressing Arc/

Arg3.1 and c-Fos rapidly increased following training,

reaching maximal levels at around 30 min, and was

maintained up to at least 60 min (Fig. 4e, f, h). In contrast,

following CFC retrieval the number of Arc/Arg3.1 and

c-Fos immunoreactive cells was maximal at 30 min but

returned to basal levels in 60 min (Fig. 5e, f, h). These

patterns of expression of Arc/Arg3.1 and c-Fos were sig-

nificantly different following CFC training and retrieval

(Fig. 6b: effect of time, p \ 0.001; effect of procedure,

p \ 0.05; interaction, p \ 0.01). Finally, the number of

Zif268 immunoreactive cells progressively increased over

the first 60 min following CFC training (Fig. 4g, h) and

retrieval (Fig. 5g, h), with a similar temporal pattern but a

significant difference in magnitude between training and

retrieval (Fig. 6b: effect of time, p \ 0.001; effect of

procedure, p \ 0.001; interaction, NS).

Relationship between the strength of a previously

established CFC memory and neuronal activity

upon recall

In order to examine the relationship between the strength of

a previously established CFC memory and neuronal

activity throughout the hippocampus and amygdala

(Fig. 7a), ERK1/2 phosphorylation was analysed immedi-

ately after a retrieval session conducted 24 h after a 0, 1 or

3 footshocks training session (Fig. 7b). Re-exposure to the

training context elicited robust freezing in the one-shock

group compared to the unshocked group (Fig. 7c). Freez-

ing, however, was significantly increased in the 3-foot-

shock group (Fig. 7c). In the DG, the number of P-ERK1/2

immunoreactive cells was significantly increased in the

previously trained groups, as compared to naive controls

(Fig. 7d, h). Unexpectedly, the number of P-ERK1/2

immunoreactive cells was even higher in the pseudo-

trained animals (0 footshock) compared to the animals

trained with 1 or 3 footshocks (Fig. 7d, h). In dorsal CA3,

the number of P-ERK1/2 immunoreactive cells was sig-

nificantly increased after retrieval compared to the control

group, with a maximal number of P-ERK1/2 immunore-

active cells in the 3-footshock trained group (Fig. 7e, h). In

dorsal CA1, the number of P-ERK1/2 immunoreactive

cells was also significantly increased following retrieval in

the one- and three-shock trained groups, compared to the

naive control group, this effect was not influenced by the

intensity of training (Fig. 7f, h). Finally, we did not detect

any increase in the number of P-ERK1/2 immunoreactive

cells in the different nuclei of the amygdala at this early

time-point (Fig. 7g, h), in accordance with our findings

showing a delayed activation of ERK1/2 in the amygdala

following recall (30 min) (Fig. 2f). Altogether, these data

Fig. 4 Time-course of MSK-1 and H3 (ser10) phosphorylation and

Arc/Arg3.1, c-Fos and Zif268 expression throughout the DG follow-

ing CFC training. a Immunoreactive cells were analysed in the DG as

indicated by grey areas on mouse brain coronal sections at indicated

bregma coordinates. b We analysed the pattern of MSK-1 and H3

(ser10) phosphorylation as well as Arc/Arg3.1, c-Fos and Zif268

expression at different time-points (0, 15, 30 and 60 min) following

CFC training. Naive mice that did not undergo CFC training were

used as control. c As illustrated, the maximal number of P-MSK-1

immunoreactive cells (white arrows) was detected immediately after

training and returned to basal level in 15 min. d In contrast, the

number of P-H3 (ser10) immunoreactive cells progressively increased

over the first 30 min following training and returned to basal level in

60 min. e–f The number of Arc/Arg3.1 and c-Fos immunoreactive

cells was maximal 30 min following training and was maintained up

to at least 60 min. g Finally, the number of Zif268 immunoreactive

cells progressively increased over the first 60 min following training.

h Quantifications of P-MSK-1, P-H3 (ser10), c-Fos, Arc/Arg3.1 and

Zif268 immunoreactive cells in the DG at different time-points

following CFC training. The number of P-ERK1/2 immunoreactive

cells from Fig. 1 is presented for comparison. Data (mean ± SEM;

n = 3–4 mice per group) were analysed using one-way ANOVA

(between subjects) for P-MSK-1 (F(4,13) = 13.63, p \ 0.001); for

P-H3 (ser10) (F(4,13) = 6.48, p \ 0.01); for Arc/Arg3.1

(F(4,13) = 12.88, p \ 0.001); for c-Fos (F(4,13) = 31.15, p \ 0.001);

for Zif268 (F(4,13) = 9.21, p \ 0.001); followed by post hoc

comparisons (Dunett’s multiple test). *p \ 0.05, **p \ 0.01,

***p \ 0.001, present time-point versus control. Scale bars 100 lm

b
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indicate that the number of footshocks administrated dur-

ing training and the number of P-ERK1/2 immunoreactive

cells are positively correlated in CA3 but not in the DG or

CA1. These data also confirm that upon CFC recall, ERK1/

2 is immediately activated in the hippocampus, but not in

the amygdala.

Discussion

The main aim of this study was to precisely analyse and

compare the amplitude–time course of ERK1/2 activity

following acquisition and recall of a contextual fear memory

in key brain regions involved in this type of memory, and to

424 Brain Struct Funct (2014) 219:415–430

123



explore some of the downstream molecular events con-

trolled by ERK1/2 that are implicated in the transcriptional

regulation believed to play a crucial role in memory sta-

bilization. For this purpose, we used the Pavlovian fear

conditioning paradigm that offers two different condition-

ing versions promoting either an elemental association

between a conditioned tone stimulus (CS) and uncondi-

tioned stimulus (US footshock) (foreground/cued fear

conditioning) or a contextual conditioning by systemati-

cally minimizing CS/US contingency (background/con-

textual fear conditioning) (Kim and Fanselow 1992).

Interestingly, both types of conditioning induce fear to the

context, but they are known to result in distinct contextual

processing (background vs. foreground contextual condi-

tioning) (Phillips and LeDoux 1994). Several studies have

investigated the temporal dynamic of ERK1/2 phosphory-

lation following contextual (Sananbenesi et al. 2002; Tri-

filieff et al. 2006, 2007; Sindreu et al. 2007) and cued fear

conditioning (Trifilieff et al. 2007; Paul et al. 2007;

Di Benedetto et al. 2009; Schafe et al. 2000; Bergstrom et al.

2011) and retrieval (Chen et al. 2005). Here, following a

similar strategy, we analysed the temporal dynamics of

ERK1/2 activity in hippocampal subregions and amygdalar

Fig. 5 Time-course of MSK-1 and H3 (ser10) phosphorylation and

Arc/Arg3.1, c-Fos and Zif268 expression throughout the DG follow-

ing CFC retrieval. a Immunoreactive cells were analysed in the DG as

indicated by grey areas on mouse brain coronal sections at indicated

bregma coordinates. b We analysed the pattern of MSK-1 and H3

(ser10) phosphorylation as well as Arc/Arg3.1, c-Fos and Zif268

expression at different time-points (0, 15, 30 and 60 min) following

CFC retrieval. Trained mice that did not undergo CFC retrieval were

used as control. c As illustrated, the maximal number of P-MSK-1

immunoreactive cells (white arrows) was detected immediately after

retrieval and returned to basal level in 15 min. d In contrast, the

number of P-H3 (ser10) immunoreactive cells increased over the first

15 min following retrieval and returned to basal level in 60 min.

e–f The number of Arc/Arg3.1 and c-Fos immunoreactive cells was

maximal at 30 min following retrieval and returned to basal level in

60 min. g Finally, the number of Zif268 immunoreactive cells

progressively increased over the first 60 min following retrieval.

h Quantifications of P-MSK-1, P-H3 (ser10), c-Fos, Arc/Arg3.1 and

Zif268 immunoreactive cells in the DG at different time-points

following CFC retrieval. The number of P-ERK1/2 immunoreactive

cells from Fig. 2 is presented for comparison. Data (mean ± SEM;

n = 3–4 mice per group) were analysed using one-way ANOVA

(between subjects) for P-MSK-1 (F(4,14) = 12. 31, p \ 0.001); for

P-H3 (ser10) (F(4,14) = 11.43, p \ 0.001); for Arc/Arg3.1

(F(4,14) = 3.37, p \ 0.05); for c-Fos (F(4,14) = 4.59, p \ 0.05); for

Zif268 (F(4,14) = 14.80, p \ 0.001); followed by post hoc compar-

isons (Dunett’s multiple test). *p \ 0.05, **p \ 0.01, ***p \ 0.001,

present time-point versus control. Scale bars 100 lm

Fig. 6 Comparative time-course of MSK-1 and H3 (ser10) phos-

phorylation and Arc/Arg3.1, c-Fos and Zif268 expression throughout

the DG following CFC training and retrieval. a We compared the

pattern of MSK-1 and H3 (ser10) phosphorylation as well as Arc/

Arg3.1, c-Fos and Zif268 expression in the DG at different time-

points (0, 15, 30 and 60 min) following CFC training (black circles)

and retrieval (grey circles). b The number of immunoreactive cells

was normalized to controls. The percent increase in P-ERK1/2 and

P-MSK-1-positive cells was similar following training and retrieval

when compared to the control groups. In contrast, the increase in

P-H3 (ser10), Arc/Arg3.1, c-Fos and Zif268-positive cells was of a

higher magnitude and longer duration following CFC training

compared to retrieval. Data (mean ± SEM; n = 3–4 mice per group)

were analysed using two-way ANOVA: for P-MSK-1: effect of time

F(4,27) = 26.67, p \ 0.001; effect of procedure, F(1,27) = 2.61, NS;

interaction, F(4,27) = 0.82, NS; for P-H3 (ser10): effect of time

F(4,27) = 13.87, p \ 0.001; effect of procedure, F(1,27) = 12.45,

p \ 0.01; interaction, F(4,27) = 1.52, NS; for Arc/Arg3.1: effect of

time F(4,27) = 13.47, p \ 0.001; effect of procedure, F(1,27) = 7.09,

p \ 0.05; interaction, F(4,27) = 4.21, p \ 0.01; for c-Fos: effect of

time F(4,27) = 17.50, p \ 0.001; effect of procedure, F(1,27) = 6.59,

p \ 0.05; interaction, F(4,27) = 5.33, p \ 0.01; for Zif268: effect of

time F(4,27) = 19.82, p \ 0.001; effect of procedure, F(1,27) = 13.96,

p \ 0.001; interaction, F(4,27) = 1.36, NS; followed by post

hoc comparisons (Bonferroni test). ###p \ 0.001, training versus

retrieval

b
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nuclei after learning and retrieval in the same experiment.

Following learning, our results recapitulate those obtained by

Trifilieff et al. (2007) showing a rapid activation of ERK1/2 in

the DG, areas CA3 and CA1 and in the lateral and basolateral

nuclei of the amygdala and they extend these findings by

showing that ERK1/2 is also activated after retrieval, as

rapidly in the hippocampus, but in a much delayed manner in

the amygdala. In addition, we also confirm previous reports of

an increase in ERK1/2 activity in CA1 following CFC

training (Sindreu et al. 2007; Trifilieff et al. 2007).
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Interestingly, our data in contextual fear conditioning

show rapid and preferential activation of ERK1/2 in the

BLA, whereas others using cued fear conditioning reported

delayed ERK1/2 activation in the LA occurring 60 min

following training (Schafe et al. 2000; Trifilieff et al. 2007;

Paul et al. 2007; Di Benedetto et al. 2009; Bergstrom et al.

2011), suggesting that distinct types of contextual pro-

cessing, engaging background versus foreground contex-

tual processing (Kim and Fanselow 1992), may

differentially engage the ERK cascade in specific amygdala

nuclei. Consistent with this idea, Trifilieff et al. (2007)

directly assessed this question and found preferential

recruitment of ERK1/2 activation in the LA 60 min fol-

lowing cued, but not contextual fear conditioning (Trifilieff

et al. 2007). It should be noted that the vast majority of the

aforementioned studies, including ours, used the same

antibody raised against diphospho-Thr-202/Tyr-204-

ERK1/2; therefore, suggesting that this discrepancy is more

likely to rely on a procedural rather than methodological

distinction.

In the hippocampus, CFC memory retrieval was

associated with the strongest activation in the DG, which

strictly corresponded in magnitude and time course to the

pattern observed after CFC training, supporting the idea

that ERK1/2 phosphorylation in the DG may be highly

dependent on contextual exposure, including in the training

phase. Conversely, the pattern of ERK1/2 phosphorylation

in CA1 departs between learning and retrieval, with a much

smaller magnitude of activation after retrieval than after

training. In the amygdala the pattern of ERK1/2 phos-

phorylation was delayed and culminated 30 min following

retrieval, as opposed to the immediate activation observed

following training. The differences in magnitude and

kinetics of ERK1/2 activation observed in CA1 and

amygdala can be explained in part by the nature of the

stimuli presented during CFC training (footshock uncon-

ditioned stimulus associated with the context) and CFC

retrieval (re-exposure to the context in the absence of the

footshock). Although the extent of ERK1/2 activation we

report in CA1 following recall is lower than that following

training, it is likely to be of functional importance for CFC

memory retrieval since micro-infusion of a MEK inhibitor

into the dorsal hippocampus was shown to impair freezing

performance upon recall (Chen et al. 2005). Whether the

delayed activation in the amygdala plays a functional role

in reconsolidation but not recall of CFC memory as it does

in cued fear memory reconsolidation (Duvarci et al. 2005;

Doyere et al. 2007) would need to be addressed using the

same pharmacological approach.

We next examined the activation of ERK1/2 down-

stream events, focusing on the DG as the activation of a

sparse but specific ensemble of neurons that previously

expressed c-Fos during CFC training in this hippocampal

subfield was shown to be sufficient to induce freezing

behaviour (Liu et al. 2012). Moreover, extracellular stimuli

can trigger the rapid activation of c-Fos, Zif268 and Arc/

Arg3.1 through different responsive elements present in

their promoter such as the CRE consensus sequence

(Changelian et al. 1989; Herrera et al. 1997; Kawashima

et al. 2009). Recent evidence indicates that increasing

CRE-dependent transcription in the DG results in the

enhancement of CFC consolidation and reconsolidation

(Sekeres et al. 2012). Having established the temporal

pattern of ERK1/2 activation following CFC learning and

retrieval, we sought to analyse the components of ERK

signalling pathway along with IEGs expression. Since

ERK1/2 was rapidly and transiently activated in the DG,

we hypothesized that focusing on this specific hippocampal

subfield would provide relevant information on the mag-

nitude and temporal window of these downstream events.

We specifically compared the patterns of phosphorylation

of MSK-1 and H3, along with the induction of IEGs Arc/

Arg3.1, c-Fos and Zif268, following CFC training and

retrieval. Our results show that while MSK-1 phosphory-

lation is rapid and transient both after training and recall, a

Fig. 7 Effect of memory strength on ERK1/2 activation throughout

the hippocampus and amygdala following CFC retrieval. a P-ERK1/2

immunoreactive cells were analysed in the hippocampus and amyg-

dala as indicated by grey areas on mouse brain coronal sections at

various bregma coordinates. b We analysed the pattern of ERK1/2

phosphorylation (P-ERK1/2) immediately (0 min) after CFC retrieval

in mice previously trained with either 0, 1 or 3 footshocks. A naive

group of mice was used as control. c Freezing performance elicited by

the different training procedures with 0, 1 or 3 footshocks. d In the

DG, the number of P-ERK1/2 immunoreactive cells was significantly

increased in the groups submitted to retrieval. Note that the pseudo-

trained group (0 footshock) exhibited the maximal number of

P-ERK1/2-positive cells. e In the dorsal hippocampal CA3, the

number of P-ERK1/2-positive cells activated after retrieval increased

in correlation with memory strength, with a maximal number of

P-ERK1/2 cells in the group that received three footshocks during

training. f In the dorsal hippocampal CA1, the number of P-ERK1/2

immunoreactive cells was significantly increased following retrieval.

No correlation was found between the number of P-ERK1/2-positive

cells and memory strength. g In the LA, BLA and CeA, the number of

P-ERK1/2-positive cells was not increased immediately after

retrieval. c Data (mean ± SEM; n = 8 mice per group) were

analysed using one-way ANOVA (between subjects) (F(2,20) =

149.7, p \ 0.001); followed by post hoc comparisons (Newman–

Keuls test). ***p \ 0.001, 1 or 3 versus 0 shock-pairing;
###p \ 0.001, 3 versus 1 shock-pairing. h Quantifications of

P-ERK1/2 immunoreactive cells in the DG, CA3, CA1, LA, BLA

and CeA at immediately following CFC retrieval in mice previously

trained with either 0, 1 or 3 footshocks. Naive mice were used as

control. Data (mean ± SEM; n = 4 mice per group) were analysed

using one-way ANOVA (between subjects) for DG (F(3,12) = 12.19,

p \ 0.001); for CA3 (F(3,12) = 8.16, p \ 0.01); for CA1

(F(3,12) = 7.38, p \ 0.01); for LA (F(3,12) = 0.46, NS); for BLA

(F(3,12) = 0.6, NS); for CeA (F(3,12) = 0.21, NS); followed by post

hoc comparisons (Newman–Keuls test). *p \ 0.05, **p \ 0.01,

***p \ 0.001, retrieval groups versus control; #p \ 0.05, 1 or 3

versus 0 shock-pairing. Scale bars 100 lm
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pattern of activation identical to that of ERK1/2, H3

(ser10) phosphorylation along with IEGs induction was

higher in magnitude and more sustained following CFC

training than following retrieval. Again, the nature of the

stimuli presented during learning (footshock in context)

and recall (context alone) could well account for this dif-

ference. In any case, our observation that IEGs induction is

more transient during the reconsolidation period is in

accordance with several findings suggesting that memory

reconsolidation occurs in a more limited time window than

consolidation (Anokhin et al. 2002; Gordon 1977; Gordon

and Spear 1973; Languille et al. 2009; Cheval et al. 2011).

Hence it is tempting to speculate that the lower magnitude

and duration of gene induction during CFC reconsolidation

can explain its increased sensitivity to interfering treat-

ments, such as hypothermia (Mactutus et al. 1979) or

pharmacological manipulations (Anokhin et al. 2002;

Bustos et al. 2006; Debiec and Ledoux 2004; Przyby-

slawski et al. 1999).

Our results clearly show that activation of ERK1/2,

along with downstream molecular events, occurs rapidly

and transiently in the DG. By contrast, several reports

failed to detect these signalling events in this hippocampal

area. Most of these studies, however, were conducted at

late time-points compared to ours. For example, H3 (ser10)

phosphorylation was analysed at 60 min (Lubin and Sweatt

2007), Arc/Arg3.1 induction at 90 min (Mamiya et al.

2009) and c-Fos at 60 min (Hall et al. 2001) post-retrieval.

Conversely, together with previous findings showing an

increase in Zif268 expression levels up to 2 h following

CFC retrieval (Lee et al. 2004), our data showing a rapid

accumulation of Zif268 protein, remaining elevated for at

least 60 min following retrieval indicate that Zif268

expression is more prolonged than that of Arc/Arg3.1 or

c-Fos in the DG. In conclusion, our data provide the first

evidence that ERK1/2 activation and IEG (c-Fos, Arc/

Arg3.1) expression are induced after CFC retrieval in the

DG, supporting the idea that targeting ERK1/2 in this

hippocampal area may provide important insights into the

role of this signalling cascade in the DG in CFC reconsoli-

dation.

Finally, we examined the relationship between the

strength of a previously established CFC memory and the

pattern of ERK1/2 phosphorylation in the hippocampus and

amygdala upon recall. In our hands, CFC training con-

ducted with three footshocks resulted in a 40 % increase in

freezing performance at the recall test compared to the

1-shock condition, thus confirming previous findings

(Selcher et al. 1999). In the DG, the number of P-ERK1/2

immunoreactive cells following recall was significantly

increased compared to controls; however, there was no

difference depending on whether one or three footshocks

were given during learning. Interestingly, the maximal

number of P-ERK1/2 immunoreactive cells was observed

during the recall test in the pseudo-trained group (no

footshock). Thus, freezing performance was not correlated

with the number of P-ERK1/2-positive cells in this hip-

pocampal subfield. This observation suggests that the pre-

sentation of a neutral context triggers the activation of an

extended dentate granule cell population. If this represents

a ‘‘background’’ activity in response to the first re-exposure

to a previously explored, but non-reinforced environment,

then the smaller number of activated cells found after CFC

retrieval suggests refinement of the neural ensemble acti-

vated when contextual exposure evokes a previously

encoded fear memory (i.e. shock-associated). In support of

this interpretation, a recent study in which dentate granule

cells activated during CFC training were labelled with

channelrhodopsin-2 (ChR2) revealed that a twofold

reduction in background expression of ChR2 potently

increased freezing elicited by light stimulation (Liu et al.

2012). Further experiments are needed to elucidate whether

this phenomenon reflects a specific contribution of the DG

to fear memory. In area CA1, the number of P-ERK1/2

immunoreactive cells was significantly increased in the

three groups submitted to a retrieval test compared to

controls, thus independently of whether they received no

shock, one or three shocks, suggesting that ERK1/2 acti-

vation in CA1 is not correlated with freezing performance

and can even be observed in response to contextual expo-

sure only. In contrast, in area CA3 the number of P-ERK1/

2 immunoreactive cells was increased only in the groups

that have been trained with one or three footshocks and the

number of ERK1/2-positive cells correlated positively with

freezing performance. Since in the CFC paradigm, per-

formance is motivated by emotions, we cannot rule out the

possibility that such pattern of ERK activity reflects the

consequence of arousal induced by the fear response. This

correlation with memory strength, and the extent of neu-

ronal activation in the CA3, echoes the recent demonstra-

tion that the activation of CA3 pyramidal neurons is

necessary for CFC memory precision (Ruediger et al.

2011). Moreover, the finding of independent patterns of

ERK1/2 phosphorylation in CA3 and CA1 upon CFC

retrieval is in accordance with previous findings that con-

textual representations emerge independently in CA3 and

CA1 (Leutgeb et al. 2004).

Collectively, these data point to substantial differences

in the magnitude and temporal dynamic of ERK1/2 sig-

nalling activity between consolidation and reconsolidation

of CFC memory, both in terms of brain structures involved

as well as molecular events recruited. Our results are

therefore in line with the growing body of literature sup-

porting the notion that memory reconsolidation is not a

simple recapitulation of consolidation. In addition, we

provide the demonstration that the strength of a previously
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established CFC memory is characterized by distinct pat-

terns of neuronal activity in the different hippocampal and

amygdalar subfields upon recall.

Future studies might usefully extend these analyses to

assess whether or not the differential engagement of the

ERK cascade and downstream events observed here

between consolidation and reconsolidation of contextual

fear memory can be extended to other types of fear

memory, and more generally, to other forms of memory.
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