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Brain Region-Specific Gene Expression Activation Required
for Reconsolidation and Extinction of Contextual Fear
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During fear conditioning, animals learn an association between a previously neutral or conditioned stimulus (CS) and an aversive or
unconditioned stimulus (US). Subsequent reexposure to the CS alone triggers two competing processes. Brief reexposure to the CS
initiates reconsolidation processes that serve to stabilize or maintain the original CS-US memory. In contrast, more prolonged reexpo-
sure to the CS leads to the formation of an inhibitory extinction (CS-no US) memory. Previous studies have established that both
reconsolidation and extinction require gene expression. Consistent with this, here we first show that genetic disruption of cAMP-
responsive element-binding protein (CREB)-mediated transcription blocks both reconsolidation and long-term extinction of contextual
fear memory. We next asked whether reconsolidation and extinction engage CREB-mediated transcription in distinct brain regions.
Accordingly, we used immunohistochemical approaches to characterize the activation of the transcription factor CREB [as well as the
expression of the CREB-dependent gene Arc (activity-regulated cytoskeleton-associated protein)] after brief versus prolonged reexpo-
sure to a previously conditioned context. After brief reexposure, we observed significant activation of CREB-mediated gene expression in
the hippocampus and amygdala. In contrast, after the prolonged reexposure, we observed significant activation of CREB-mediated gene
expression in the amygdala and prefrontal cortex. Finally, we showed that blocking protein synthesis in either the hippocampus or the
amygdala blocked reconsolidation of contextual fear memory, whereas similar blockade in the amygdala and prefrontal cortex prevented
the formation of extinction memory. These experiments establish that reactivated contextual fear memories undergo CREB-dependent

reconsolidation or extinction in distinct brain regions.
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Introduction
To generate long-term memory, short-term memory undergoes
a gene expression-dependent stabilization process known as
memory consolidation (Flexner et al., 1965; Davis and Squire,
1984; McGaugh, 2000). Although it was previously thought that
this consolidation occurs just once, there is growing evidence that
memory retrieval is a dynamic process that can either reinforce or
alter memory (Misanin et al., 1968; Schneider and Sherman,
1968; Lewis, 1979; Mactutus et al., 1979; Przybyslawski and Sara,
1997; Nader et al., 2000; Sara, 2000).

The fate of a retrieved memory appears to depend, in part, on
the nature of the retrieval episode. In fear-conditioning para-
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digms, for example, blocking protein synthesis before or imme-
diately after brief reexposure to the conditioning stimulus (CS)
alone disrupts the subsequent expression of the fear memory
(Nader et al., 2000; Debiec et al., 2002; Kida et al., 2002; Suzuki et
al., 2004). Such experiments have led to the idea that the reacti-
vated fear memory is destabilized and then restabilized through a
gene expression-dependent reconsolidation process (Nader etal.,
2000; Taubenfeld et al., 2001; Debiec et al., 2002; Kida et al.,
2002). In contrast, more prolonged reexposure to the CS leads to
extinction of the fear memory (Pavlov, 1927; Rescorla, 2001; My-
ers and Davis, 2002). Similar to reconsolidation, this retrieval-
initiated process appears to depend on new gene expression be-
cause blockade of protein synthesis before prolonged reexposure
blocks the formation of an extinction memory [i.e., a new CS—no
unconditioned stimulus (US) inhibitory memory that competes
with the original CS-US memory trace] (Berman and Dudai,
2001; Vianna et al., 2001).

Together, these studies indicate that retrieval of a fear memory
initiates two processes, reconsolidation and extinction, that have
distinct temporal signatures (Eisenberg et al., 2003; Pedreira and
Maldonado, 2003; Suzuki et al., 2004). Recent studies have also
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begun to suggest that these two processes are partially dissociable
at the neurochemical level. For example, we showed that admin-
istration of either L-type voltage-gated calcium channels or CB1
receptor antagonists block extinction of contextual fear memory
but have no effect on reconsolidation (Suzuki et al., 2004). In the
current study, we ask whether reconsolidation and extinction are
also dissociable at the anatomical level. We first showed that ac-
tivation of cAMP-responsive element-binding protein (CREB)-
mediated transcription is necessary for both reconsolidation and
long-term extinction of contextual fear memory. Next, we used
immunohistochemical approaches to characterize the activation
of the transcription factor CREB [as well as the expression of the
CREB-dependent  gene  activity-regulated  cytoskeleton-
associated protein (Arc)] after brief versus prolonged context
reexposure. After brief reexposure, we observed significant acti-
vation of CREB-mediated gene expression in the hippocampus
and amygdala. In contrast, after the prolonged reexposure, we
observed significant activation of CREB-mediated gene expres-
sion in the amygdala and prefrontal cortex. These results suggest
that reconsolidation and extinction engage protein synthesis-
dependent processes in distinct brain regions. Consistent with
this, we finally showed that blocking protein synthesis in either
the hippocampus or amygdala blocked reconsolidation of con-
textual fear memory, whereas similar blockade in the amygdala
and prefrontal cortex prevented the formation of extinction
memory.

Materials and Methods

Mice. All experiments were conducted according to the Guide for the Care
and Use of Laboratory Animals, Japan Neuroscience Society and the Guide
for the Tokyo University of Agriculture. Male C57BL/6 mice were obtained
from Charles River. Transgenic mice expressing an inducible CREB re-
pressor (CREB'™ mice) have been backcrossed to C57BL/6 (Kida et al.,
2002; Suzuki et al., 2008). Mice were housed in cages of five or six,
maintained on a 12 h light/dark cycle, and allowed ad libitum access to
food and water. Mice were at least 8 weeks of age when tested. Testing was
performed during the light phase of the cycle. All experiments were con-
ducted blind to the treatment condition of the mouse.

Contextual fear conditioning test. Mice were trained and tested in con-
ditioning chambers (17.5 X 17.5 X 15 cm) that had a stainless steel grid
floor through which footshocks could be delivered (Suzuki et al., 2004,
2008). Training consisted of placing the mice in the chamber and deliv-
ering an unsignaled footshock (2 s duration, 0.4 mA) 148 s later. Mice
were returned to the homecage 30 s after the footshock (training).

For the first experiment, we examined the effects of disrupting CREB
function on memory reconsolidation and extinction using transgenic
mice that express an inducible CREB repressor (CREB'®) in the fore-
brain, where a dominant-negative CREB protein is fused with the ligand
binding domain of a mutant estrogen receptor (ER). Previous studies
have shown that systemic injection of tamoxifen, the artificial ligand for
ER, into these transgenic mice inhibits CREB activity in the forebrain
(Kida et al., 2002). Twenty-four hours after the training session, CREB R
and wild-type (WT) mice were placed back in the training context for 3
or 30 min, during which time freezing behavior was assessed (reexpo-
sure) as the percentage of time mice spent freezing (defined as a complete
lack of movement, except for respiration). Mice were administered an
intraperitoneal injection of 16 mg/kg 4-hydroxytamoxifen (TAM;
Sigma), which was dissolved in 10 ml of peanut oil (Sigma) or vehicle
(VEH; a similar volume of peanut oil) 6 h before the reexposure (Kida et
al., 2002). Twenty-four hours after the reexposure session, mice were
once again placed in the training context (5 min), and freezing behavior
was assessed (test). Freezing behavior was measured automatically
(O’Hara & Co.) (Anagnostaras et al., 2001).

For the second experiment (phosphorylated and total CREB immu-
nocytochemistry), we examined the brain regions that are activated after
reexposure to the CS (see Fig. 2). Before the commencement of contex-
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tual fear conditioning, mice were handled individually for 2 min each day
for 1 week. Mice were divided into eight groups: (1) Recon-33 and -60,
and Ext-33 and -60 groups; four (conditioned) groups of mice were
trained as described above and 24 h later were reexposed to the context
for either 3 min (Recon groups) or 30 min (Ext groups). The animals
were then anesthetized with Nembutal (750 mg/kg, i.p.) 3 min (Ext-33),
30 min (Recon-33, Ext-60), or 57 min (Recon-60) after the reexposure;
(2) no US-33 and -60 groups; two (unconditioned) groups received a
training session in the absence of footshock and 24 h later were reexposed
to the context for either 3 min (no US-33) or 30 min (no US-60). The
animals were then anesthetized, as above, 30 min after reexposure; and
(3) no association-33 and -60 groups; the other two (unconditioned)
groups were delivered a footshock 5 h after being placed in the condi-
tioned chamber and returned to the homecage 30 s after the footshock.
Twenty-four hours later, mice were reexposed to the context for either 3
min (no association-33) or 30 min (no association-60) and anesthetized,
as above, 30 min after the reexposure. It is important to note that, in this
experiment, the total length of time from the beginning of the reexposure
to the anesthetization is 33 min (Recon-33, Ext-33, no US-33, no
association-33) or 60 min (Recon-60, Ext-60, no US-60, no association-
60). The Ext-33 and Recon-60 groups were used to compare the effects of
the duration of reexposure on CREB activation with the Recon-33 and
Ext-60 groups, respectively, using the identical time course from the
beginning of the reexposure.

For the third experiment (Arc immunocytochemistry), mice were
trained as above in the presence or absence of a footshock and 24 h later
were reexposed to the context for 3 or 30 min. The animals were anes-
thetized 90 min after the reexposure.

For the fourth experiment, we examined the effects of inhibition of
protein synthesis in the medial prefrontal cortex (mPFC), hippocampus,
and amygdala on memory reconsolidation and extinction. A protein
synthesis inhibitor, anisomycin (ANI; Sigma), was dissolved in VEH
solution, containing 3 drops of Tween 80 in 2.5 ml of 7.5% dimethylsulf-
oxide in artificial CSF, and adjusted to pH 7.4 with NaOH. Mice were
trained as above and 24 h later received intracranial injections of ANI
(62.5 ug) immediately after the reexposure phase of 3 or 30 min. Twenty-
four hours after the reexposure session, mice were once again placed in
the training context (5 min), and freezing behavior was assessed. Infu-
sions into each brain region (0.5 ul) were made at a rate of 0.25 wl/min.
The injection cannula was left in place for 2 min after the infusion. This
dose oflocally infused ANT inhibits >90% of protein synthesis for at least
4 h (Rosenblum et al., 1993).

Immunocytochemistry. After the anesthetization, mice were perfused
with PBS/0.1 mM sodium fluoride (NaF) containing 4% paraformalde-
hyde. Brains were then removed, fixed overnight, transferred to 30%
sucrose, and stored at 4°C. Coronal sections (30 wm) were cut on a
cryostat. After cutting the brain, sections were washed and preincubated
in 3% H,0, in methanol for 1 h, followed by incubation in blocking
solution (PBS/0.1 mm NaF plus 1% goat serum albumin, 1 mg/ml BSA,
and 0.05% Triton X-100) for 3 h. Consecutive sections were incubated
with a polyclonal rabbit primary antibody for anti-phospho-CREB
(S133;1:1000; Upstate Biotechnology), anti-CREB (1:1000; Upstate Bio-
technology), or anti-Arc (1:1000; Santa Cruz Biotechnology) in the
blocking solution overnight. To measure CREB activation, consecutive
sections were alternately incubated with anti-phospho-CREB or anti-
CREB antibodies. Subsequently, sections were washed with PBS/0.1 mm
NaF and incubated for 3 h at room temperature with biotinylated goat
anti-rabbit IgG (SAB-PO kit; Nichirei Biosciences), followed by 1 h at
room temperature in the streptavidin—biotin—peroxidase complex
(SAB-PO kit). Structures were anatomically defined according to the
atlas of Franklin and Paxinos (1997). Quantification of phosphorylated
CREB (pCREB)-, CREB-, or Arc-positive cells in sections (100 X 100
pum) of mPFC (bregma between 2.10 and 1.98 mm), amygdala (bregma
between —1.22 and —1.34 mm), and dorsal hippocampus (bregma be-
tween —1.46 and —1.82 mm) was analyzed with a computerized image
analysis system, as described previously (Winroof version 5.5 software;
Mitani Corporation) (Frankland et al., 2006; Suzuki et al., 2008). Immu-
noreactive neurons were counted bilaterally with a fixed sample window
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across at least three sections by an experimenter A B
blind to the treatment condition. cs-us 23N CS(3min) 240 CS(5min)
CREB activation (relative pPCREB/CREB lev- T(;
els) was calculated by normalizing the number
of pCREB-positive cells to the total number of TAM
CREB-positive cells. Data of pPCREB/CREB lev- Re-exposure(3min) Test(5min)
els and Arc expression for each group were ex- 2 ;g 2 gg
pressed as a percentage of the averaged values in § 50 g 50
the no US-33 control group (Kee et al., 2007). L 40 L 40
Surgery for microinfusion of drug. Surgeries & 30 & 30
were performed as described previously g 123 5 fg ﬂ Lﬂ l
(Frankland et al., 2006; Suzuki etal., 2008). Un- & “
der Nembutal anesthesia and using standard wT crReBR  WT CREB'R CREBIR  WT  CREBIR
. . . VEH TAM —VEH —_— —TAM —
stereotaxic procedures, stainless steel guide
cannulae (22 gauge) were implanted into the
mPFC (2.7 mm, =0 mm, —1.6 mm), the dorsal C 24h 2ah D
hippocampus (—1.8 mm, *1.8 mm, —1.9 Ccs-us —‘)-_)CS(somin) ———> CS(5min)
mm), or amygdala (—1.3 mm, =3.3 mm, —4.4 6h
m). Mice were allowed to recover for at least 1 TAM
week after surgery. After this, they were handled Re-exposure(30min) = wr (VEH) Test(5min)
for 1 week before the commencement of con- o 80 - CHEB'“ (VEH) =50
textual fear conditioning. £ ;g (TAM) £a0
Data analysis. Data were analyzed with § 50 —— CREBIH (TAM) g 30
ANOVA. One-way and post hoc Newman— L'LE gg £20
Keuls comparisons were used to analyze theef- & 20 8 10
fects of treatments, drugs, and genotypes on & 100 & 0
freezing responses. One- or two-way ANOVA 0-5 5-10 10-15 15-20 20-25 25-30 "CREBR WT  CREBR
followed by post hoc Newman—Keuls and post Re-exposure (min) — VEH — —TAM—
hoc Bonferroni’s comparisons, respectively,
were used to analyze the effects of groups, E
times, and reexposure on CREB activation and —o0— WT (VEH)
Arc expression. Planned comparisons using a ~ , 50 —=— crReg'® (TAM)
paired ¢ test were used to analyze the differences & 49
of freezing scores from the contextual condi- &
tioning of each group between the first 5 min l.'..‘; 30
reexposure, during the 30 min reexposure, and ~ § 20
test. Comparisons of within-session extinction ;‘.-_’ 50
using a paired ¢ test and repeated ANOVA were 3 30
used to analyze the effects of drug and genotype R CApRLER SN i)
(Suzuki et al., 2004, 2008). All values in the text Figure 1.  Effects of disrupting CREB function on memory reconsolidation and extinction. 4, €, Experimental design used with

and figure legends are means = SEM.

Results

The relationship between reconsolidation
and extinction of fear memory has been
investigated (Eisenberg et al., 2003; Pe-
dreira and Maldonado, 2003; Suzuki et al.,
2004). Our previous study demonstrated
that inhibition of protein synthesis after a short reexposure (3
min) to the context disrupts the reactivated contextual fear mem-
ory, whereas a prolonged reexposure (30 min) followed by inhi-
bition of protein synthesis blocked long-term extinction without
disrupting the fear memory (Suzuki et al., 2004). These observa-
tions indicate that short and long reexposure triggers reconsoli-
dation or extinction phases, respectively. In this study, to ask
whether reconsolidation and extinction phases are dissociable at
the anatomical level, we investigated brain regions regulating the
reconsolidation and extinction phases.

Roles of CREB-mediated transcription in reconsolidation

and extinction

Previous studies have shown that CREB-mediated transcription
is required for the consolidation and reconsolidation of contex-
tual fear memory (Kida et al., 2002). However, little is known
about whether transcriptional activation by CREB is required for
memory extinction. Therefore, we first examined the roles of
CREB-mediated transcription in the reconsolidation and extinc-

data presented below. A, B, Effects of disrupting CREB function on reconsolidation. 4, Freezing score during 3 min reexposure
(WT/VEH, n = 13; CREB'"/VEH, n = 11; WT/TAM, n = 13; CREB"®/TAM, n = 11). B, Freezing score during test session. , D,
Effects of disrupting CREB function on extinction. C, Freezing score in 5 min blocks during 30 min reexposure (WT/VEH, n = 12;
CREB'®/VEH, n = 15; WT/TAM, n = 14; CREB'*/TAM, n = 15). D, Freezing score during test session were shown. E, Summary of
the relationship between the duration of reexposure and freezing score at test session (B, D). Error bars are SEM. *p << 0.05, versus
WT/VEH, WT/TAM, and CREB " /VEH.

tion of contextual fear memory and then tried to investigate the
brain regions where CREB is activated in the reconsolidation and
extinction phases.

To examine the effects of loss of function of CREB on recon-
solidation and extinction, we used CREB™® transgenic mice (Kida
et al., 2002). In these experiments, CREB™ and WT littermate
controls were trained with a single footshock and 24 h later were
reexposed to the context for 3 or 30 min. Six hours before the
reexposure, mice received a systemic injection of TAM or VEH to
induce the inhibition of CREB activity (Kida et al., 2002).

In the reconsolidation experiment, all groups showed compa-
rable levels of freezing during the 3 min reexposure (Fig. 1A)
(F(3,44) = 0.15; p > 0.05). When the contextual fear memory was
tested 24 h later, one-way ANOVA revealed a significant effect of
group (Fig. 1B) (F 3 44) = 2.83; p < 0.05). Thepost hoc Newman—
Keuls test showed that TAM-injected CREB'™® mice significantly
froze less compared with the other groups (Fig. 1 B) ( p < 0.05).
Consistent with previous observations, inhibition of CREB activ-
ity disrupted the reactivated fear memory, indicating that the
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calcium/calmodulin-dependent ~ protein
kinase IV (Shaywitz and Greenberg, 1999;
Mayr and Montminy, 2001). This phos-
phorylation is an essential step in the acti-
vation of CREB-mediated transcription
(Gonzalez and Montminy, 1989; Ginty et

24hr 30min
Recon-33 Cs-Us —_—

24hr 57min
Recon-60 CS-us —

CS(3min)

24hr 30min
no US-33 cs —_

24hr 30min
no association-33 CS-us —

(CS 5hr~)

24hr
Ext-33 CS-Us —_—

24hr
Ext-60 CS-Us —

CS(30min)

24hr
no US-60 cs —_—_

24hr
no association-60 CS-us —

(CS 5hr~)

Figure2.
amygdala induced by reconsolidation or extinction phases is shown.

contextual fear memory requires CREB-dependent memory for
reconsolidation (Kida et al., 2002; Suzuki et al., 2008).

We next examined the effects of disrupting CREB function on
memory extinction. Overall freezing levels did not differ across
groups during the 30 min reexposure (F; s,y = 2.42; p > 0.05)
but did decrease over time in all groups (F(s 560, = 74.2; p < 0.05)
(Fig. 1C). Measurements 24 h after this 30 min reexposure con-
firmed that the extinction of conditioned freezing was persistent
in VEH-treated WT mice (first 5 min in the reexposure session vs
test; t,,) = 3.03; p < 0.05), indicating that long-term extinction
occurred in these experimental conditions. In contrast, extinc-
tion tested 24 h after the 30 min reexposure was blocked by the
inhibition of CREB function. One-way ANOVA across four
groups revealed a significant effect of group (Fig. 1D) (F(5 5, =
5.32;p < 0.05). TAM-injected CREB '™ mice showed significantly
more freezing compared with the other groups (Fig. 1D) (p <
0.05). Thus, these results indicate that CREB is required for long-
term extinction.

The effects of blocking CREB function on memory reconsoli-
dation and extinction are summarized in Figure 1 E. These results
indicate that activation of CREB-mediated transcription is re-
quired for both reconsolidation and long-term extinction. It is
worth noting that although genetic inhibition of CREB activity
blocked the formation of the new extinction memory, it presum-
ably had no effect on the expression of the original fear memory.
This observation is consistent with previous findings using sys-
temic injection of ANI (Suzuki et al., 2004, 2008) and (1) con-
firms that reconsolidation and extinction of contextual fear
memory have distinct temporal signatures and (2) suggests that
these two processes interact.

CREB activation in distinct brain regions in reconsolidation
and extinction phases

The transcription factor CREB is activated through phosphory-
lation at serine 133 by CREB kinases such as protein kinase A and

Experimental design. The experimental design to investigate changes in CREB activation in mPFC, hippocampus, and

al.,, 1994; Bito et al., 1996; Silva et al.,
1998). Therefore, phosphorylation of
CREB at serine 133 has been used to iden-
tify brain regions activated in gene
expression-dependent memory processes
(Viola et al., 2000; Hall et al., 2001).
Therefore, to ask whether reconsolida-
tion and extinction phases are dissociable

3min .
at the anatomical level, we next performed
immunohistochemical analysis to identify
30min brain regions where CREB is activated in
é the reconsolidation and extinction phases.
) Reconsolidation of fear memory has been
s shown to be mediated by the amygdala
(Nader et al., 2000; Duvarci and Nader,
30min 2004; Tronel et al., 2005; Lee et al., 2006)

and hippocampus (Debiec et al., 2002;
Frankland et al., 2006; Suzuki et al., 2008).
In contrast, extinction of the fear memory
is thought to depend on the mPFC (Mor-
gan et al., 1993; Morgan and LeDoux,
1995, 1999; Morrow et al., 1999; Quirk et
al., 2000, 2006; Santini et al., 2004 ) and amygdala (Lee et al., 2001;
Lu et al,, 2001; Walker et al., 2002; Lee et al., 2006; Myers and
Davis, 2007). From these findings, we focused our anatomical
analyses on the mPFC, amygdala, and hippocampus.

CREB activation was assessed as the ratio of pCREB to total
CREB levels in four conditioned and four unconditioned groups
(Fig. 2). The conditioned groups of mice were trained with a
footshock and 24 h later were re-exposed to the context for 3 min
(Recon groups) or 30 min (Ext groups). Recon groups were as-
sessed for CREB activation 30 min (Recon-33 group) or 57 min
(Recon-60 group) after the reexposure, whereas Ext groups were
assessed for CREB activation 3 min (Ext-33 group) or 30 min
(Ext-60 group) after the reexposure. Unconditioned groups were
treated similarly, except either that they did not receive a foot-
shock (no US groups) or that they stayed in the conditioned
chamber for 5 h before receiving the footshock (no association
groups) and were assessed for CREB activation 30 min after the
reexposure for 3 min (no US-33 and no association-33 groups) or
30 min (no US-60 and no association-60 groups). It is important
to note that the conditioned groups froze at equal levels during
the 3 min reexposure and for the first 5 min of the 30 min reex-
posure (Recon-33, 56.4 * 5.2%; Recon-60, 58.3 * 3.4%; Ext-33,
57.6 £ 4.5%; Ext-60, 59.2 * 4.1%), indicating that the contextual
fear memory was reactivated. Longer (30 min) reexposure reduced
freezing over time within the session in both the Ext-33 and Ext-60
groups (t024.9 = 5.9 and 25.1 * 3.1%, respectively), indicating that
within-session extinction occurred (overall freezing: F, ,5) = 0.12,
p > 0.05; decrease over time: F5 ;,5 = 28.45, p < 0.05). In contrast,
the unconditioned groups showed significantly lower freezing dur-
ing the 3 min and the first 3 min of the long reexposure compared
with the conditioned groups (data not shown).

mPFC
We first analyzed CREB activation in the mPFC [including the
prelimbic (PL) and infralimbic (IL) regions]. Our experiments
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Figure3. Effects of the reexposure duration on CREB activation in the mPFC. A, Representative PL pCREB-positive cellimmunohistochemistry obtained from indicated mice. Scare bar, 100 wm.

B, (, Effects of the 3 min reexposure duration on CREB activation in PL (B) and IL (€) regions of mPFC (Recon-33,n = 11; no US-33, n = 10; no association-33, n = 9; Recon-60,n = 9). D, E, Effects
of the 30 min reexposure duration on CREB activation in PL (D) and IL (E) regions of mPFC (Ext-33,n = 10;no US-60, n = 15; no association-60, n = 14; Ext-60,n = 17).*p << 0.05, compared with
the other groups. F, G, Comparison of CREB activation after 3 and 30 min reexposure in PL (F) and IL (G) regions of mPFC in the conditioned group. Error bars are SEM. CREB activation (relative
pCREB/CREB levels) was calculated by normalizing the number of pCREB-positive cells to the total CREB positive cells. Data of CREB activation for each group were expressed as the percentage of the

averaged values in the no US-33 control group.

revealed that CREB was activated in the extinction but not the
reconsolidation phase. One-way ANOVA across the 3 min reex-
posure (reconsolidation) groups (Recon-33, Recon-60, no US-
33, and no association-33) revealed no significant effect of group
in the PL and IL regions (PL: F; 55y = 0.17, p > 0.05, IL: F 5 35) =
0.12, p > 0.05), indicating that CREB was not activated in either
of these mPFC regions in the reconsolidation phase (Fig. 3B,C).
In contrast, one-way ANOVA across the 30 min reexposure (ex-
tinction) groups (Ext-33, Ext-60, no US-60, and no association-
60) revealed significant effects of group in the PL and IL regions
(Fig. 3D,E) (PL: Fi3 5, = 5.99, p < 0.05; IL: F(3 5, = 6.25, p <

0.05). The post hoc Newman—Keuls test showed a significantly
higher level of pCREB in both mPFC regions of the Ext-60 groups
compared with the other groups (Fig. 3D,E) (p < 0.05). This
result indicates that CREB was significantly activated in the PL
and IL regions of the conditioned groups after the 30 min, but not
3 min, reexposure. We next compared the time course of CREB
activation from the beginning of the reexposure (using the iden-
tical time schedule) among the conditioned groups (Recon-33,
Recon-60, Ext-33, and Ext-60). Consistent with the above results,
atwo-way ANOVA with reexposure (3 vs 30 min) and time (from
the beginning of reexposure; 33 vs 60 min) revealed significant
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Figure 4.

Effects of the reexposure duration on CREB activation in the hippocampus. 4, Representative CAT pCREB-positive cell immunohistochemistry obtained from indicated mice. Scare bar,

100 m. A-D, Effects of the 3 min reexposure duration on CREB activation in CA1 (B), CA3 (€) and DG (D) regions of hippocampus (Recon-33, n = 11; no US-33, n = 10; no association-33,n = 9;
Recon-60, n = 9).*p < 0.05, compared with the unconditioned groups (no US-33 and no association-33). E-G, Effects of the 30 min reexposure duration on CREB activation in CA1 (E), CA3 (F) and
DG (G) regions of hippocampus (Ext-33, n = 10; no US-60, n = 15; no association-60, n = 14; Ext-60, n = 17). H-J, Comparison of CREB activation after 3 and 30 min reexposure in CAT (H), CA3
(I),and DG (/) regions of hippocampus in the conditioned group. Error bars are SEM. CREB activation was calculated by normalizing the number of pCREB-positive cells to the total CREB-positive cells.
Data of CREB activation for each group were expressed as the percentage of the averaged values in the no US-33 control group.

reexposure versus time interactions (Fig. 3F,G) (reexposure vs
time interaction; PL: F(; 45y = 11.25, p < 0.05; IL: F(, 43, = 6.08,
p < 0.05). The post hoc Bonferroni’s test showed significantly
higher activation of CREB in the Ext-60 group compared with the
other groups ( p < 0.05), indicating that CREB was activated in
both mPFC regions 30 min after the 30 min reexposure (Fig.
3F,G). Thus, these observations indicate that CREB is activated
in the PL and IL prefrontal regions when contextual fear memory
is extinguished but not reconsolidated.

Hippocampus

We next analyzed the hippocampus. In contrast to the results for
the mPFC, hippocampal CREB is activated in the reconsolidation
but not extinction phase. One-way ANOVA across the 3 min
reexposure groups revealed significant effects of group in the CA1
and CA3 but not the dentate gyrus (DG) regions of the hip-
pocampus (Fig. 4 B-D) (CA1: F5 55 = 4.74,p < 0.05; CA3: F5 55,
=9.25,p < 0.05; DG: F; 35y = 0.80, p > 0.05). Post hoc analyses
showed a significant higher level of pCREB in the CA1 and CA3
regions of the Recon-33 and Recon-60 groups compared with the

other control groups (p < 0.05), indicating that CREB is acti-
vated in the hippocampal CA1 and CA3 regions of the condi-
tioned groups after a 3 min reexposure (Fig. 4 B-D). In contrast,
no CREB activation was observed in these three regions of the
hippocampus in the 30 min reexposure groups (CAl: F(; 5,y =
0.24, p > 0.05; CA3: F3 5,) = 0.29, p > 0.05; DG: F3 5, = 0.52,
p > 0.05), indicating that CREB is not activated in the hippocam-
pus in the extinction phase (Fig. 4 E-G). Consistent with this, a
two-way ANOVA across the conditioned groups followed by the
post hoc Bonferroni’s test showed significantly higher activation
of CREB in the CA1 and CA3 but not DG region of the Recon
groups (Recon-33 and -60) compared with the Ext groups (Fig.
4H-J) (reexposure vs time interaction; CAl: F(; 43y = 0.03, p >
0.05; CA3: F, 43, = 0.09, p > 0.05; DG: F, 43, = 0.82, p > 0.05).
These observations indicate that CREB is activated in the CAl
and CA3 regions of the hippocampus when contextual fear mem-
ory is reconsolidated but not extinguished. Additionally, it is im-
portant to point out that CREB activation was not observed in the
hippocampus in the extinction phase, although contextual fear
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Figure5.  Effects of the reexposure duration on CREB activation in the amygdala. A, Representative BLA pCREB-positive cell immunohistochemistry obtained from indicated mice. Scare bar, 100

m. B-D, Effects of the 3 min reexposure duration on CREB activation in LA (B), BLA (C), and Ce (D) regions of amygdala (Recon-33,n = 11;n0 US-33,n =

10; no association-33, n = 9; Recon-60,

n=9).*p <0.05, compared with the unconditioned groups (no US-33 and no association-33). E-G, Effects of the 30 min reexposure duration on CREB activationin LA (E), BLA (F) and Ce (G) regions
of amygdala (Ext-33, n = 10; no US-60, n = 15; no association-60, n = 14; Ext-60, n = 17). *p << 0.05, compared with the other groups. H—J, Comparison of CREB activation after 3 and 30 min
reexposure in LA (H), BLA (), and Ce (J) regions of amygdala in the conditioned group. Error bars are SEM. CREB activation was calculated by normalizing the number of pCREB-positive cells to the
total CREB-positive cells. Data of CREB activation for each group were expressed as the percentage of the averaged values in the no US-33 control group.

memory was reactivated during the reexposure. This observation
indicates that although short reexposure that triggers memory
reconsolidation induces CREB activation in the hippocampus,
this activation is suppressed when longer context reexposure that
produces within-session extinction is used.

Amygdala
We finally analyzed the levels of pCREB in the amygdala. CREB

was activated in the lateral (LA), basolateral (BLA), and central
(Ce) regions of the amygdala in both the reconsolidation and
extinction phases. One-way ANOVA across the 3 min or 30 min
reexposure groups revealed significant effects of group in the
three regions of the amygdala (Fig. 58—-G) (LA: 3 min, F(3 35 =
9.87,p <0.05; 30 min, F(5 5,) = 7.26, p < 0.05; BLA: 3 min, F 3 35,
=9.17,p < 0.05; 30 min, F 3 5,, = 7.20, p < 0.05; Ce: 3min, F(; 55
= 4.80, p < 0.05; 30 min, F(; 5,y = 8.48, p < 0.05). The level of
pCREB was significantly increased in the three amygdaloid re-
gions of the Recon-33, Recon-60, and Ext-60 groups compared
with the other 3 or 30 min, respectively, reexposure control
groups (Fig. 5B—-G) (p > 0.05). These results indicated that no

CREB activation was observed 3 min after the 30 min reexposure
in the conditioned extinction groups. Consistent with this, a two-
way ANOVA across the conditioned groups revealed significant
reexposure versus time interactions in these three regions of the
amygdala (Fig. 5H-J) (reexposure vs time interaction; LA: F(, 43,
=7.60, p < 0.05; BLA: F; 43, = 6.60, p < 0.05; Ce: F, 43, = 5.71,

p < 0.05). The post hoc Bonferroni’s test showed that the pPCREB
levels were significantly increased in the three amygdaloid re-
gions of the Recon-33, Recon-60, and Ext-60 groups compared
with the Ext-33 group (Fig. 5H-J) ( p < 0.05). Collectively, these
observations indicate that CREB was activated in the amygdala
when the fear memory was being reconsolidated and extin-
guished but showed a different time course from the beginning of
the reexposure to the context between the reconsolidation and
extinction phases. Extinction conditioned groups showed activa-
tion of CREB but also showed a delay of CREB activation com-
pared with the reconsolidation group, although the contextual
fear memory was reactivated in both groups. These differences in
the time course of CREB activation between the reconsolidation
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Figure6.

the averaged values in the control group. Scale bar, 100 m.

and extinction groups indicates that CREB activation triggered
by a 30 min reexposure is not simply attributable to the reactiva-
tion of the fear memory and, furthermore, that the mechanisms
for the regulation of CREB activation differ in the reconsolida-
tion and extinction phases.

As a control experiment, we examined CREB activation in the
visual cortex. In contrast to the results in Figures 3-5, no CREB
activation was observed in the conditioned groups after the 3
and 30 min reexposure (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

In summary, our anatomical analyses suggest that activation
of CREB in the hippocampus and amygdala contributes to the
reconsolidation of the contextual fear memory, whereas this ac-
tivation in the amygdala and prefrontal cortex contributes to the
extinction.

Upregulation of Arc expression in distinct brain regions in
the reconsolidation and extinction phases

To ask whether the activation of CREB observed in Figures 3-5
are reflected by the expression of a CREB-target gene, we mea-
sured the expression of the immediate-early gene Arc in the re-
consolidation and extinction phases. Arc is a CREB-dependent
gene (Kawashima et al., 2008), the expression of which is regu-
lated by neuronal activity. Previous studies have shown that it is
upregulated after contextual fear memory formation and re-
trieval (Guzowski et al., 1999; Zhang et al., 2005; Kee et al., 2007).
Mice were trained in the presence (conditioned group) or ab-
sence (unconditioned control group) of a single footshock and
24 h later were placed back in the training context for 3 or 30 min.

Effects of the duration of reexposure on Arc expression in the mPFC, amygdala, and hippocampus. 4, B, Experimental
design used with data presented below. A, Effects of the 3 min reexposure duration on Arc expression in the mPFC, amygdala, and
hippocampus (reconsolidation, n = 10; control, n = 9). *p << 0.05, compared with the control group. B, Effects of the 30 min
reexposure duration on Arc expression in mPFC, amygdala, and hippocampus (extinction, n = 11; control, n = 11). *p < 0.05,
compared with the control group. Error bars are SEM. Data of Arc expression for each group were expressed as the percentage of

0.05; LA: F(, 5 = 25.41, p < 0.05; BLA:
Fi120) = 12.81,p < 0.05; Ce: F(, 5, = 4.43,
p < 0.05; CAl: Fy ) = 0.01, p > 0.05;
CA3: F(y 50, = 0.03,p > 0.05 DG: F,, 5, =
0.01, p > 0.05). These results are consis-
tent with the observations in Figures 3-5
and indicate that the short reexposure that
triggered reconsolidation induced CREB-
mediated gene expression in the amygdala/hippocampus,
whereas the long reexposure that triggered extinction induced
expression in the amygdala/mPFC. Furthermore, similar to the
results of the CREB activation (Fig. 4), we found that hippocam-
pal Arc is upregulated in the reconsolidation but not extinction
phases, suggesting that these two processes may interact at the
molecular level in the hippocampus.

Roles of protein synthesis in the mPFC, hippocampus, and
amygdala in memory reconsolidation and extinction

The above analyses suggest that short context reexposure that
triggers reconsolidation induces activation of CREB-mediated
gene expression in the amygdala and hippocampus. In contrast,
long context reexposure that triggers extinction induces CREB
activation in the amygdala and mPFC (Figs. 3-5). These results
raise the possibility that new gene expression in distinct brain
regions is required for reconsolidation and extinction of contex-
tual fear memory, respectively. To further test this possibility, we
examined the effects of protein synthesis inhibition in the mPFC,
amygdala, or hippocampus on reconsolidation and extinction of
contextual fear memory. We performed a similar experiment as
in Figure 1, except that WT mice received an infusion of the
protein synthesis inhibitor ANI or VEH immediately after the 3
or 30 min reexposure to the context (Fig. 7A). Cannula tip place-
ments are shown in the supplementary data, and only mice with
cannula tips within the boundaries of the mPFC, hippocampus or
amygdala were included in the data analysis (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). Dur-
ing the 3 min reexposure, the VEH and ANI groups showed
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Figure7.  Effects of protein synthesis inhibition in the mPFC, hippocampus, or amygdala on
reconsolidation and extinction. 4, Experimental design used with data. Mice were infused VEH
or ANl into the mPFC, hippocampus, or amygdala immediately after 3 or 30 min reexposure. B,
Effects of protein synthesis inhibition in mPFC, hippocampus, or amygdala on reconsolidation.
Freezing scores during the test session are shown (mPFC: VEH, n = 10; ANI, n = 11; hippocam-
pus: VEH, n = 12; ANI, n = 12; amygdala: VEH, n = 9; ANI, n = 9). (, Effects of protein
synthesis inhibition in mPFC, hippocampus, or amygdala on extinction. Freezing scores during
testsession are shown (mPFC: VEH, n = 9; ANI,n = 9; hippocampus: VEH, n = 10; ANI,n = 10;
amygdala: VEH, n = 8; ANI, n = 9). During reexposure, freezing scores in 5 min blocks are
presented. Error bars are SEM. *p << 0.05 versus VEH-treated groups.

comparable levels of freezing ( p > 0.05). Infusion of ANI into the
mPFC immediately after the 3 min reexposure did not alter the
level of freezing tested 24 h later (F, ;o) = 0.17; p > 0.05); ANI-
treated mice exhibited comparable freezing levels compared with
VEH-treated mice (Fig. 7B). In contrast, an infusion of ANT into
the hippocampus or amygdala immediately after the 3 min reex-
posure impaired the expression of the contextual fear memory
tested 24 h later (hippocampus: F, ,3) = 13.84, p < 0.05; amyg-
dala: F, ;) = 5.32, p < 0.05); ANI-treated mice exhibited signif-
icantly lower freezing levels compared with VEH-treated mice
(Fig. 7B) (p < 0.05). These results are consistent with previous
findings and confirmed that hippocampal protein synthesis is
required for reconsolidation of the contextual fear memory (De-
biec et al., 2002; Frankland et al., 2006; Suzuki et al., 2008). The
novel result is that we found that reconsolidation of contextual
fear memory requires new protein synthesis in the amygdala.
Together with our anatomical analyses (Figs. 3—6), our results
indicate that reconsolidation of contextual fear memory requires
new gene expression in the hippocampus and amygdala but not
in the mPFC.

During the 30 min reexposure, comparable within-session ex-
tinction was observed between the VEH and ANI groups (mPFC:
overall freezing, F, g9y = 3.56, p > 0.05; decrease over time, Fs5 g,
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= 26.07, p < 0.05; hippocampus: overall freezing, F; ooy = 0.08,
P > 0.05; decrease over time, F(5 o5, = 26.61, p < 0.05; amygdala:
overall freezing, F, ;5) = 0.43, p > 0.05; decrease over time, F(5 ;5
= 30.92, p < 0.05). Measurements 24 h after this 30 min reexpo-
sure indicated that long-term extinction occurred in the VEH-
treated mice (first 5 min in reexposure session vs test; mPFC: £,
= 5.03, p < 0.05; hippocampus: t,5) = 3.75, p < 0.05; amygdala:
tasy = 4.27, p < 0.05). Infusion of ANI into the mPFC or amyg-
dala immediately after the 30 min reexposure impaired the long-
term extinction of the contextual fear memory tested 24 h later
(mPFC: F(; 15) = 9.24, p < 0.05; amygdala: F, ;5 = 9.25, p <
0.05); ANI-treated mice exhibited significantly higher freezing
levels compared with VEH-treated mice (Fig. 7C) ( p < 0.05). In
contrast, infusion of ANI into the hippocampus did not alter the
level of freezing tested 24 h later (F, ;5, = 0.08; p > 0.05) (Fig.
7C). These results indicated that protein synthesis in the mPFC
and amygdala but not the hippocampus is required for long-term
extinction of contextual fear memory.

Together, these observations support our results from the bio-
chemical experiments that CREB-mediated gene expression is
induced in distinct regions in the reconsolidation and extinction
phases and suggest that the hippocampus, amygdala, and mPFC
play distinct roles in the reconsolidation and extinction of the
contextual fear memory through region-specific regulation of
gene expression.

Discussion

Our previous behavioral studies demonstrated that memory re-
activation triggers two processes: reconsolidation and extinction
(Suzuki et al., 2004). These two processes have opposing actions
on the fate of the retrieved memory: reconsolidation serves to
stabilize or strengthen the memory, whereas extinction involves
the formation of an inhibitory CS—no US association that com-
petes with the original memory. Using a contextual fear-
conditioning paradigm, in the present study we first established
that both these processes depend on CREB-mediated transcrip-
tion (Fig. 1). Using immunohistochemical and targeted pharma-
cological approaches, our studies next indicated that these com-
peting processes are supported by partially dissociable brain
regions. After brief reactivation, new proteins are required in the
hippocampus/amygdala for reconsolidation of contextual fear
memories (Fig. 7B). In contrast, after prolonged reactivation,
new proteins are required in the amygdala/mPFC for long-term
extinction (Fig. 7C).

A critical biochemical feature of reconsolidation and long-
term extinction of contextual fear memory is a requirement for
gene expression (Suzuki et al., 2004). We previously demon-
strated that CREB-mediated transcription is required for the re-
consolidation of the contextual fear memory (Kida et al., 2002).
In this study, genetic suppression of CREB function also blocked
long-term extinction, indicating that long-term extinction un-
dergoes a transcription-dependent process (Fig. 1C,D). To inves-
tigate the brain regions activated in the reconsolidation and ex-
tinction phases, we analyzed the brain regions where CREB is
activated by measuring levels of pCREB after either brief (3 min)
or prolonged (30 min) reexposure to the conditioning context.
Furthermore, to determine whether our observations of CREB
activation are reflected by the expression of CREB-dependent,
neuronal activity-dependent genes, we measured the expression
levels of Arc.

When a shorter context reexposure was used, we found that
CREB-mediated gene expression (CREB phosphorylation and
Arc induction) was induced in the CA1 and CA3 regions of the
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hippocampus and the LA, BLA, and Ce regions of the amygdala
(Figs. 3—6). These data suggest that reconsolidation engages
CREB-dependent processes in the hippocampus and amygdala
(but not the mPFC). These observations are consistent with pre-
vious findings showing that retrieval of contextual fear memory
induces c-fos and Zif268 expression in the CA1 of hippocampus
but not the PL and IL of the mPFC (Frankland et al., 2004).
Similarly, another study showed that this retrieval induces Zif268
expression in the LA, BLA, and Ce regions of the amygdala and
the CA1 but not the DG of the hippocampus (Lee et al., 2001).
Consistent with previous observations (Debiec et al., 2002; Su-
zuki et al., 2008), we showed that hippocampal inhibition of pro-
tein synthesis disrupts subsequent expression of the contextual
fear memory (Fig. 7B). More importantly, we finally demon-
strated that protein synthesis inhibition in the amygdala also dis-
rupted the reactivated contextual fear memory (Fig. 7B). These
observations indicate that reconsolidation of the contextual fear
memory depends on new gene expression in the hippocampus
and amygdala.

After prolonged reexposure to the context, we found that
CREB-mediated gene expression was induced in the amygdala
and the mPFC (Figs. 3, 5, 6). Consistent with these changes in
CREB phosphorylation and Arc expression, we found that long-
term extinction was blocked by protein synthesis inhibition in the
mPFC and amygdala but not in the hippocampus (Fig. 7C).
These observations suggested that long-term extinction of con-
textual fear memory depends on new gene expression in the
mPFC and amygdala. Recent studies have shown that the amyg-
dala plays a significant role in the acquisition of tone fear extinc-
tion, whereas the mPFC is implicated in its consolidation (Quirk
et al., 2000; Santini et al., 2004). Indeed, consolidation of tone
fear extinction requires protein synthesis and NMDA receptor-
dependent bursting in the mPFC (Santini et al., 2004; Burgos-
Robles et al., 2007). Together with our findings, these data sug-
gest that the amygdala and mPFC might play critical roles in the
extinction of both contextual and tone fear memories.

Our observations that CREB activation and Arc expression are
induced in the hippocampus/amygdala and amygdala/mPFC in
the reconsolidation and extinction phases, respectively, indicates
that gene expression is regulated in distinct ways after brief versus
prolonged context reexposure (Figs. 3—6). In particular, these
observations extend our previous behavioral observations that
reexposure to the CS triggers two distinct time-dependent pro-
cesses, reconsolidation and extinction, and indicate that recon-
solidation and extinction are dissociable at the anatomical level.

Previous studies have established that protein synthesis inhi-
bition after a brief reexposure to the CS disrupts the subsequent
expression of the reactivated fear memory (Nader et al., 2000;
Debiec et al., 2002; Kida et al., 2002). In contrast, blocking pro-
tein synthesis after prolonged reexposure blocks long-term ex-
tinction but does not disrupt the original fear memory (Eisenberg
et al., 2003; Pedreira and Maldonado, 2003; Suzuki et al., 2004).
Whereas it is not unexpected that new proteins are necessary for
the formation of a long-term extinction memory (Santini et al.,
2004), it is surprising that the original fear memory is left intact,
although it has been reactivated under the condition in which
protein synthesis was inhibited (Suzuki et al., 2004). This obser-
vation indicates that reconsolidation and extinction do not pro-
ceed independently (but see Duvarci et al., 2006). That is, these
two processes must interact in some way.

Importantly, the present series of experiments identify the
hippocampus and the amygdala as candidate anatomical loci for
this interaction between the reconsolidation and extinction
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phases. First, we observed that CREB-mediated gene expression
is induced in the hippocampus after short, but not longer, reex-
posure to the CS (Fig. 4). This suggests that gene expression in the
hippocampus undergoes distinct regulation in the reconsolida-
tion and extinction phases. Our observation that CREB-
mediated gene expression was not induced in the extinction
phase even though contextual fear was reactivated indicates that
such induction must be suppressed when within-session extinc-
tion occurs. Second, we observed differences in the time course of
amygdaloid CREB activation in the reconsolidation and extinc-
tion phases (Fig. 5), indicating that amygdaloid CREB activation
is differentially regulated in these two phases and, furthermore,
that amygdaloid CREB activation observed in the extinction
phase is not simply caused by fear memory reactivation. Further-
more, amygdaloid inhibition of protein synthesis after prolonged
reexposure blocked long-term extinction without affecting the
subsequent expression of the original fear memory, whereas this
inhibition after brief reexposure disrupted the fear memory (Fig.
7). Therefore, we conclude that the interaction between the re-
consolidation and extinction phases occurs in both the hip-
pocampus and the amygdala at the molecular level. However, we
cannot exclude another possibility: the CS onset initiates mem-
ory reactivation, but CS offset is the critical signal that determines
the fate of memory by engaging reconsolidation or extinction
processes (Pedreira et al., 2004, Pérez-Cuesta et al. 2007).

Our anatomical observations that acquisition of within-
session extinction of the contextual fear inhibited CREB-
mediated gene expression in the hippocampus corresponds with
our behavioral observations that the acquisition of extinction
prevents the disruption of the contextual fear memory by the
inhibition of protein synthesis or CREB activity (Figs. 1, 7). Be-
cause previous studies demonstrated that destabilization and re-
stabilization of reactivated contextual fear memories are hip-
pocampus dependent (Debiec et al., 2002; Suzuki et al., 2008), it
is possible that contextual fear extinction modulates the stability
of the reactivated contextual fear memory by regulating hip-
pocampal function. Therefore, it will be important to evaluate
whether acquisition of contextual fear extinction prevents the
destabilization of reactivated memory. A second possibility is that
the originally contextual fear memory is destabilized and then
restabilized (inactivated) in the extinction phase in a gene
expression-independent manner (such as redistribution of pre-
existing proteins).

Restabilization of the reactivated contextual fear memory re-
quires new gene expression in the hippocampus (Debiec et al.,
2002). In contrast, we observed that inhibition of protein synthe-
sis in the hippocampus did not affect long-term extinction (Fig.
7C), suggesting that the new protein synthesis in the hippocam-
pus does not contribute to the consolidation of extinction mem-
ory. These contrasting observations indicate that the hippocam-
pus plays distinct roles in reconsolidation and extinction of
contextual fear memory. However, recent studies indicated crit-
ical roles of the hippocampus in the extinction of contextual fear.
Indeed, cdk5 signaling, activation of the ubiquitin-proteasomal
pathway, activation of CB1, and actin rearrangement in the hip-
pocampus have been shown to be required for extinction of con-
textual fear memory (Fischer et al., 2004; Sananbenesi et al., 2007;
de Oliveira Alvares et al., 2008; Lee et al., 2008). Therefore, it is
possible that the hippocampus regulates contextual fear extinc-
tion through activation of these pathways without activating gene
expression. Suppression of gene expression in the hippocampus
might be a critical step that leads to long-term extinction. Addi-



412 - J. Neurosci., January 14,2009 - 29(2):402- 413

tional studies are required to investigate the regulatory roles of
the hippocampus in memory extinction.

We observed that CREB activation and Arc expression were
induced in the amygdala in both the reconsolidation and extinc-
tion phases (Figs. 5, 6). In agreement with this, previous studies
demonstrated that extinction learning of tone fear induces ex-
pression of c-fos in the amygdala (Herry and Mons, 2004; Herry
etal., 2008). However, a recent study demonstrated that retrieval
of the contextual fear memory reactivates BLA neurons that are
activated during contextual fear conditioning, whereas extinc-
tion learning prevents their activation (Reijmers et al., 2007).
Together with these findings, our observation that the time
course of amygdaloid CREB activation differs in the reconsolida-
tion and extinction phases raises the possibility that distinct pop-
ulations of amygdaloid neurons are activated in these phases. A
recent study identified two distinct populations of BLA neurons
(fear and extinction neurons), the activity of which is reversely
correlated with low and high fear behavior (Herry et al., 2008).
Therefore, it will be important to examine whether identical or
different population of neurons are activated in the reconsolida-
tion and extinction phases of contextual fear memory.
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