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It has been suggested that, unlike pure extinction which typically results in the return of the fear response under a variety of
circumstances, memory reactivation followed by extinction can attenuate the reemergence of conditioned fear. The reacti-
vation—extinction procedure has attracted the attention of basic and clinical researchers due to its potential clinical value for
the treatment of psychiatric conditions, such as anxiety and drug abuse disorders. However, mixed results have been achieved
so far in replicating and understanding this paradigm. It has been proposed that memory destabilization could be critical in
this sense. Using contextual fear conditioning in rats and midazolam as an amnesic agent, we first determined what reactiva-
tion conditions are necessary to destabilize the mnemonic trace. After establishing the conditions for memory destabilization,
a series of experiments was conducted to determine if destabilization is critical for the success of the reactivation—extinction
procedure. Data confirmed the importance of memory destabilization prior to extinction inside the reconsolidation window
to attenuate spontaneous recovery and retard reacquisition of conditioned fear. The present report offers a candidate expla-
nation of the discrepancy in results obtained with the reactivation-extinction procedure by different laboratories.

Exposure therapies are widely used for the treatment of anxiety
disorders, and are based on extinction learning which can be
explored in controlled experimental conditions inside the labora-
tory (Urcelay 2012). In both clinical and experimental settings,
conditioned responses decrease through repeated noncontingent
presentations of the conditioned stimulus (i.e., extinction) and
there is considerable evidence suggesting long-term improve-
ments in clinical populations after exposure therapy (Choy et al.
2007). However, responding reappears under a wide variety of cir-
cumstances, all of which involve a contextual change between
extinction and subsequent testing (Mineka et al. 1999; Rodriguez
etal. 1999; Mystkowski et al. 2002; Bouton 2004). This observation
hasled to the suggestion that extinction involves new learning and
memory formation, rather than erasure of the original association
(Bouton 2002). In recent years, however, it has been recognized
that previously consolidated memories can be destabilized, if reac-
tivated under appropriate conditions (Finnie and Nader 2012), and
thus become vulnerable to the effects of amnesic agents. This
opens a possibility for long-term intervention of traumatic memo-
ries which underlie anxiety disorders (Diergaarde et al. 2008).
Reactivation can be defined as any process that triggers a
stored memory into an active state (Lewis 1979) and is a prerequi-
site. of memory retrieval (Gisquet-Verrier and Riccio 2012).
Memory destabilization, on the other side, is difficult to identify
because its occurrence may not be related to any particular behav-
ioral manifestation, although some molecular processes have
been thought to mediate memory destabilization, such as synap-
tic protein degradation (Lee et al. 2008). In order to persist, a de-

3These authors contributed equally to this work.

“Corresponding author

E-mail gu203@cam.ac.uk

Article is online at http://www.learnmem.org/cgi/doi/10.1101/Im.032714.113.

21:46-54; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/13; www.learnmem.org

46

stabilized memory must become stable again (i.e., restabilize or
reconsolidate).

Though the conditions necessary to destabilize a memory
through its reactivation are not always met, when they are reacti-
vation induces a transient destabilization of the memory (also
termed labile or unstable phase), making it vulnerable to pharma-
cological interference and behavioral manipulations. It follows
that not every reactivation treatment induces memory destabili-
zation and it is important to differentiate both constructs.
While unstable, the memory is vulnerable to interference, and
this limited time period is termed the “reconsolidation window.”
Accordingly, to determine if a specific reactivation procedure de-
stabilizes a particular memory, interference procedures must alter
memory expression when applied inside the reconsolidation win-
dow. The same procedure applied outside this time period should
have no effect on memory expression (Nader and Hardt 2009).

The fact that a long-term memory can return to a malleable
or unstable form through reactivation has many theoretical, prac-
tical, and clinical implications, hence efforts to understand this
post-reactivation plasticity process (broadly termed “reconsolida-
tion”) have grown exponentially in the last decade (Besnard et al.
2012). For example, in a recent report, Monfils et al. (2009) re-
vealed a promising approach for the treatment of fear-related
memories based on the manipulation of the reconsolidation pro-
cess followed immediately by extinction (Monfils et al. 2009).
Using auditory fear conditioning in rats, they found evidence of
attenuation of conditioned fear expression by reactivating the
memory through presentation of a single conditioned stimulus
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(CS-reactivation) followed 10 or 60 min
later by extinction training of the reacti-
vated CS. The effects of this manip-
ulation were evaluated using standard
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Findings such as those of Monfils
et al. (2009) and Schiller et al. (2010)
could have implications for psychothe-
rapy. Memory destabilization through
CS-reactivation followed by extinction
within the reconsolidation window represents a unique oppor-
tunity to attenuate relapse in a purely behavioral, noninvasive
way. This is perhaps the most promising clinical application of ba-
sic research findings on the process of reconsolidation. Indeed, at-
tempts to replicate and understand this procedure readily
appeared, in both humans and animals alike, with mixed success
(for discussion, see Hutton-Bedbrook and McNally 2013). Some
studies report positive results (Clem and Huganir 2010; Schiller
et al. 2010; Flavell et al. 2011; Rao-Ruiz et al. 2011; Agren et al.
2012a, b; Ma et al. 2012; Oyarzan et al. 2012; Xue et al. 2012;
Zhang et al. 2012) while others failed to replicate the effect
(Pérez-Cuesta and Maldonado 2009; Chan et al. 2010; Costanzi
et al. 2011; Soeter and Kindt 2011; Golkar et al. 2012; Ishii et al.
2012; Kindt and Soeter 2013). In a recent review (Auber et al.
2013) it was suggested that subtle methodological differences
could explain these discrepancies. One possibility, the authors ar-
gue, is that negative results are due to a failure to destabilize the
memory through CS-reactivation. If the reactivation procedure
does not induce memory destabilization, then responding will re-
cover under any of the traditional challenges to extinction learn-
ing. It follows that, according to Auber et al. (2013), there is a
crucial role of memory destabilization in the success of the reacti-
vation-extinction procedure.

We hypothesized that the relationship between the amount
of CS-reactivation and memory destabilization need not be mono-
tonic. Asitis the case in standard conditioning (Fig. 1; see Rescorla
1988), one would expect that too little exposure to the CS during
reactivation would not be sufficient to destabilize the memory.
Some optimal amount of reactivation would be needed to success-
fully induce destabilization, whereas too much reactivation
would induce extinction (Lee et al. 2006). Thus if memory desta-
bilization is to have an inverted U relationship with the amount
of reactivation, then too little reactivation will not induce memo-
ry destabilization, and too much will induce extinction.

We decided to address these concerns experimentally, using
contextual fear conditioning in rats, as it offers a simple way to
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tioning, rats were reactivated for 1, 4, or 5 min by exposing them to the training context, without
shock. A fourth group served as a control without reactivation. All groups received 3 mg/kg of midazo-
lam (MDZ) or an equivalent amount of saline (SAL) immediately after reactivation. Twenty-four hours
later, all groups were subjected to a 5-min test in the training context. (B) Data show the mean = SEM of
percentage time spent freezing during reactivation. (C) Data depict the mean = SEM of percentage
time spent freezing during test.

manipulate the destabilization process through the duration of
the reactivation session. In this preparation it has been consistent-
ly reported that following short reactivations (i.e., 1 min) amnesic
agents fail to disrupt reconsolidation, while longer reactivations
(3-5 min) induce memory destabilization and therefore reconso-
lidation, allowing interference by pharmacological means (Suzuki
et al. 2004; Lee et al. 2008; Bustos et al. 2009).

In Experiment 1, we searched for the optimal reactivation in-
terval to destabilize a contextual fear memory. Different groups re-
ceived context fear training and 3 d later were exposed to the
context for different intervals, followed by a systemic injection
of midazolam (MDZ), a fast-acting GABA-A receptor agonist that
has been reported to disrupt contextual fear reconsolidation
(Bustos et al. 2009, 2010). In Experiment 2, we tested a longer
amount of reactivation that would lead to standard extinction, re-
sulting in significant freezing reduction when tested 24 h later and
spontaneous recovery after 1 wk. Therefore, Experiments 1 and 2
established the optimal parameters to reactivate, destabilize, or
extinguish the fear memory. Experiment 3a tested if mere reacti-
vation (1 min) and later extinction would reduce spontaneous
recovery after 1 wk, while Experiment 3b addressed a similar ques-
tion but destabilizing the memory through reactivation (4 min)
before extinction. The results revealed that memory destabiliza-
tion must be achieved through reactivation for the extinction pro-
cedure to attenuate spontaneous recovery of the conditioned
response. Experiment 4 demonstrated that extinction training
outside the reconsolidation window (6 h later), opened by a
4-min destabilizing reactivation session, behaves like regular ex-
tinction, showing spontaneous recovery a week later.

Finally, Experiment 5 was designed to replicate the main
findings of Experiment 3, but rather than assessing spontaneous
recovery, we investigated whether the procedure would result in
retarded reemergence of behavioral control with retraining (i.e.,
test of reacquisition). If so, it would reveal that memory destabili-
zation before applying extinction is critical to retard reemergence
of the fear response in addition to attenuated spontaneous
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recovery, thus adding generality to our conclusions. In addition,
in this experiment we included several control groups to avoid
cross-experiment comparisons. Thus, one group received normal
extinction, a second group received mere reactivation followed by
extinction, the critical group received destabilizing memory reac-
tivation and extinction, and a fourth control group received no
extinction at all. The results replicated previous findings showing
that only memory destabilization followed later by extinction was
able to retard reacquisition. Hence, we conclude that memory
destabilization is a prerequisite for the reactivation—extinction
procedure to attenuate spontaneous recovery from extinction
and retard reacquisition.

Results

Experiment 1

This first experiment was designed to establish the optimal param-
eters that lead to memory destabilization through a reactivation
session in our laboratory. It has been reported by different groups
(and with different amnesic agents) that duration of the reactiva-
tion trial is crucial in the dynamics of the destabilization and
reconsolidation of contextual fear memories: that is, short reacti-
vations (i.e., 1 min) are not enough to destabilize the memory
trace, while longer reactivations (3-5 min) are necessary for am-
nesic agents to block the reconsolidation of a putative destabilized
memory (Suzuki et al. 2004; Lee et al. 2008; Bustos et al. 2009).
Therefore, 72 h after context fear conditioning, rats were exposed
for different amounts of time to the training context (1, 4, or 5
min) and immediately injected with 3 mg/kg MDZ, a dose previ-
ously reported to block memory reconsolidation in this prepara-
tion (Bustos et al. 2009), or saline vehicle (SAL). The possible
amnesic effects of MDZ per se were controlled by adding a fourth
condition with subjects receiving only MDZ or SAL, but no mem-
ory reactivation (control group). The effects of these manipula-
tions were evaluated 24 h later through a 5-min test session,
during which rats were exposed to the context in the absence of
shock.

Figure 1A depicts the experimental protocol. Figure 1, B and
C, shows freezing during reactivation and test, respectively.
There were no significant differences between groups during reac-
tivation (P > 0.05 in all cases). A factorial ANOVA (drug x reactiva-
tion duration) on the test data revealed a significant effect of drug
(F1,40) = 21.1, P < 0.01), a significant effect of reactivation dura-
tion (F(3,40) = 15.0, P < 0.01), and a significant drug x reactivation
interaction (F(3 40, = 12.9, P <0.01). Post hoc analysis revealed
that MDZ and SAL groups differed only when reactivation lasted
4 or 5 min, while no differences were found for the control groups
(no reactivation) or when reactivation was of 1 min.

These results suggest various conclusions: First, the benzodiaz-
epine agent MDZ lacks any amnesic effect when administered
alone or after a very brief (1 min) reactivation, as previously report-
ed (Bustos et al. 2009). A very different result emerges when reacti-
vation is extended up to 4-5 min, since freezing behavior is
substantially reduced at test. This pattern isin agreement with oth-
er reports using different drugs (Suzuki et al. 2004; Lee et al. 2008)
and MDZ (Bustos et al. 2009). According to Lee et al. (2008), synap-
tic protein degradation (a putative molecular mechanism of mem-
ory destabilization) does not occur in contextual fear conditioning
without memory reactivation or when reactivation is too brief
(i.e., 1 min). When reactivation is extended in duration, then
destabilization occurs, and the mnemonic trace needs to restabi-
lize or reconsolidate, a process which can be experimentally ma-
nipulated. In line with this reasoning, our results show that mere
reactivation does not necessarily mean that the memory will desta-
bilize and therefore reconsolidate. Reactivation must fulfill, at the
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very least, aminimum duration requirement, and under our exper-
imental conditions, this requirement is set at 4 min of exposure.
Since we did not find any differences in the amnesic effects of
MDZ between 4- and 5-min reactivations, we decided to use 1-
and 4-min reactivations in subsequent experiments. This provides
us with the possibility to simply reactivate (1 min) or destabilize (4
min) the contextual fear memory, without unnecessarily extend-
ing the exposure duration to the conditioned context, which
could theoretically lead to extinction learning.

Experiment 2

Since the procedure proposed by Monfils et al. (2009) is based on
the assumption that the new extinction learning interferes or up-
dates a destabilized memory trace, we needed to establish an ex-
tinction protocol able to generate such a new memory (i.e.,
Context-noUS). This new extinction memory should fulfill at
least two conditions: First, it should be present at least 24 h after
training, in order to guarantee that it is a long-term memory;
the second condition is that, like any extinction memory, the con-
ditioned response should recover spontaneously over the passage
of time (Bouton 2002).

Figure 2A depicts the experimental protocol. Two groups of
rats were conditioned as in Experiment 1, and 72 h later one group
(extinction) was exposed to the training context for 15 min, with-
out shock. The other group (control) did not receive any context
exposure. Both groups received a 5-min test 24 h after extinction
training, as in Experiment 1, and both groups were again evaluat-
ed 7 d later in identical conditions to assess spontaneous recovery
(retest).

Figure 2B shows the extinction training data (extinction
group only), while Figure 2C shows results for test and retest
(both groups). A repeated measures ANOVA was conducted for
the extinction group alone on total freezing during extinction
training. This was achieved by dividing the 15-min extinction ses-
sion into three 5-min bins (0-5, 5-10, and 10-15 min). A repeated
measures ANOVA revealed a significant effect of time (F(2,14) =
6.0475, P < 0.05). Post hoc analysis revealed that freezing behavior
decreased significantly from 0-5 to the 5-10 intervals, and re-
mained stable through the last 10-15 min. In order to compare
both groups during test and retest, we conducted a repeated mea-
sures ANOVA (group x evaluation phase), that yielded a signifi-
cant effect of group (Fu,4=7.76, P<0.05), no effect of
evaluation phase (F(1,14) < 1), but a significant group x evaluation
phaseinteraction (F1,14) = 7.30, P < 0.05). To analyze the source of
this interaction, post hoc analyses were conducted. These revealed
that both groups differed during test (i.e., extinction), but not dur-
ing retest 7 d later (i.e., spontaneous recovery). At the same time,
the control group did not differ between test and retest, but the ex-
tinction group did: There was a significant recovery in freezing
from test to retest (P < 0.05).

These results show that 15 min of extinction training is suf-
ficient to reduce the conditioned response during extinction
training and 24 h later, thus indicating the existence of a long-
term extinction memory. However, this reduction recovers 7 d lat-
er, which is the typical spontaneous recovery effect following ex-
tinction. In essence, this experiment confirms the widely
accepted notion that extinction learning recovers with the pas-
sage of time (Bouton 2004).

Experiment 3a

Considering the results of Experiments 1 and 2, we have estab-
lished parameters leading to reactivation (1 min), destabilization
(4 min), or extinction (15 min) of a contextual fear memory.
Experiments 3a and 3b were designed to test the hypothesis that
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Figure 2. Experiment 2. (A) Experimental protocol. Seventy-two hours after contextual fear condi-

tioning, rats were exposed to training context for 15 min without shock (extinction group) or remained
untreated (control group). Both groups were evaluated 24 h later in a 5-min test session and again 7 d
later in a retest session. (B) Data represent the mean & SEM of percentage time spent freezing during
extinction training for the extinction group. (C) Data showing the mean + SEM of percentage time

spent freezing during test and retest, for both groups.

memory destabilization is critical for the success of the procedure
reported by Monfils et al. (2009). In order to make the experi-
ments comparable, we designed our studies so that the total dura-
tion of context exposure was always 15 min in the critical groups:
in Experiment 3a, a 1-min reactivation was followed by 14 min of
extinction, whereas in Experiment 3b 4 min of reactivation were
followed by 11 min of extinction. If memory destabilization is
critical for the effectiveness of subsequent extinction, we predict-
ed to observe attenuated recovery 7 d later only in the group that
received 4 min of reactivation prior to extinction.

In Experiment 3a, two groups of rats were fear conditioned
and 72 h later both received a 1-min reactivation session.
Immediately after reactivation, animals of both groups were re-
turned to home cages. One group was reexposed to the training
context for 14 min (group reactivation 1 min plus extinction 14
min or R1/E14) 30 min after reactivation. The second group served
as a control and remained in the home cage, not receiving any fur-
ther context exposure (group R1/E0). Both groups were evaluated
in a 5-min test session 24 h later and 7 d later in identical condi-
tions, as in Experiment 2. Figure 3A depicts the experimental
protocol.

Figure 3B shows the results of reactivation, test, and retest
phases for both groups. As expected, there were no differences be-
tween groups during reactivation (P > 0.05). A repeated measures
ANOVA for test and retest data (group x evaluation phase as fac-
tors) revealed a significant effect of group (F,13)=11.62, P<
0.01), no effect of evaluation phase (F,13) = 3.80, P> 0.07),
and a significant interaction between both factors (F(j,13) =
14.96, P < 0.01). Post hoc analyses revealed that groups differed
during test but not during retest. In other words, the difference
was lost 7 d later. Finally, group R1/E14 expressed significantly
more freezing from test to retest (i.e., spontaneous recovery).

These results are in agreement with our hypothesis. Although
the contextual fear memory was reactivated and later extin-
guished, spontaneous recovery was observed 1 wk later. This pat-
tern should not be observed if reactivation is prolonged to 4 min,
which is precisely what Experiment 3b was designed to examine.
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Experiment 3b

According to Experiment 1, to destabilize
a contextual fear memory under our
experimental conditions, 4 min of reac-
tivation are required. It follows, then,
that adding 11 min of extinction train-
ing half-an-hour later (thus completing
a total of 15 min of context exposure)
should reduce the conditioned response
24 h later, and sustain such a reduction
1 wk later (in other words, attenuated
spontaneous recovery should be ob-
served), because, according to Monfils
et al. (2009), memory destabilization is
a prerequisite for extinction training ap-
plied inside the reconsolidation window
to alter the original CS—US association.

Two groups of rats were trained and
72 h later reactivated, like in Experiment
3a, except that this time reactivation last-
ed 4 min and the extinction training ap-
plied 30 min later lasted 11 min. Figure
4A shows the experimental protocol.
Accordingly, groups were named R4/
E11 and R4/EO. Test and retest were iden-
tical to those in Experiment 3a.

Figure 4B shows the results of reacti-
vation, test, and retest phases for both
groups. No difference was found between groups during reactiva-
tion (P > 0.05). A repeated measures ANOVA on test and retest
data (group x evaluation phase as factors) revealed a significant
effect of group (F(1,14) = 32.84, P < 0.01), and no significant effect
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Figure 3. Experiment 3a. (A) Experimental protocol. Seventy-two hours

after contextual fear conditioning, rats were exposed to the training
context for 1 min. Thirty minutes later, half of the rats were returned to
the training context for a 14-min extinction session (group R1/E14).
The remaining half did not receive any further treatment beyond the
1-min reactivation and served as controls (group R1/EO). Both groups
were evaluated 24 h later in a 5-min test and again 7 d later in a retest.
(B) Data depict the mean = SEM of percentage time spent freezing
during reactivation, test, and retest.
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Figure 4. Experiment 3b. (A) Experimental protocol. Seventy-two

hours after contextual fear conditioning, rats were exposed to the training
context for 4 min. Thirty minutes later, one-half of the rats were returned
to the training context for an 11-min extinction session (group R4/E11).
The other half did not receive any further treatment beyond the 4 min of
reactivation and served as controls (group R4/EQ). Both groups were eval-
uated 24 h later in a 5-min test and again 7 d later in a retest. (B) Data
show the mean * SEM of percentage time spent freezing during reactiva-
tion, test, and retest.

of evaluation phase (F(; 14 =0.46, P> 0.05) or interaction
(F1,14) = 0.46, P > 0.05). Post hoc analyses revealed that groups
differed between them during both test and retest. Hence, no
spontaneous recovery was observed 7 d later.

These results are in agreement with those obtained in
Experiment 1 in that 4 min is sufficient to induce memory destabi-
lization through reactivation. But critically, the only difference be-
tween Experiments 3a and 3b was that reactivation was increased
from 1 to 4 min before completing, 30 min later, a total of 15
min of context exposure in the absence of shock. Spontaneous re-
covery was observed in the former case and absent in the latter.

There is ample evidence demonstrating that memory desta-
bilization and later reconsolidation are time-limited processes
(Nader and Hardt 2009). A 4-min reactivation followed later by
11 min of extinction should not attenuate recovery if extinction
learning occurs when memory destabilization is outside of the
reconsolidation window. Using similar parameters to those used
in the present experiments, and MDZ as amnesic agent, Bustos
et al. (2006) observed that the reconsolidation window of contex-
tual fear memories closes 2 h after reactivation. Accordingly, in
Experiment 4, we hypothesized that a 4-min reactivation followed
6 h later by 11 min of extinction learning should not attenuate
spontaneous recovery, similar to normal extinction without reac-
tivation (Experiment 2) or when memory destabilization is not
achieved through reactivation (Experiment 3a).

Experiment 4

One group was used for this experiment. Rats received fear condi-
tioning and 72 h later reactivated during 4 min as in Experiment
3b, except that the 11 min of extinction training took place 6 h
later, rather than 30 min later, based on the assumption that
memory destabilization would have ceased by that time. Figure

www.learnmem.org

50

SA depicts the experimental protocol. Figure 5B shows the results
of reactivation, test, and retest sessions. A repeated measures
ANOVA on test and retest data (evaluation phase as factor) re-
vealed a significant effect of revaluation phase (F(;,7) = 59.78,
P < 0.01). Post hoc analyses demonstrated that there was a signifi-
cant freezing increase from test to retest.

Although this experiment did not assess a full temporal gra-
dient between reactivation and extinction on spontaneous recov-
ery, this result is consistent with previous reports in suggesting
that the reconsolidation process takes no more than 2 h in contex-
tual fear memories (Bustos et al. 2006). Accordingly, if extinction
learning takes place once this limited time period is over, sponta-
neous recovery should not be attenuated, which is what was ob-
served in Experiment 4.

Experiment 5

There are numerous treatments that result in recovery from ex-
tinction (Urcelay 2012), but we decided to test reacquisition,
that is the reemergence of responding that occurs when the CS
(i.e., context) is paired again with the US once extinction has
already taken place. That was the aim of this final experiment.
Moreover, besides adding generality to the findings of Experi-
ments 3a and 3b, we wanted to document the effect in a single
experiment including all relevant controls. Figure 6A depicts the
experimental protocol. Rats were trained as in previous ex-
periments and 72 h later assigned randomly to one of four
groups: extinction (RO/E1S), control (RO/EO), R1/E14, or R4/
E11. Treatments for each group were identical to those in previous
experiments (no exposure, 15 full minutes, or divided in 1/14 or
4/11). Twenty-four hours after context exposure in the groups re-
ceiving extinction, all groups were again exposed to the training
context for 3 min (preshock period) after which they received a sin-
gle 0.5-mA shock. The number and intensity of shock was reduced
to 50% relative to the original training to avoid ceiling effects of
fear responding during test that could mask differences between
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(6 hlater)
B
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Figure 5. Experiment 4. (A) Experimental protocol. Seventy-two hours

after contextual fear conditioning, rats were exposed to the training
context for 4 min. Six hours later, rats were returned to the training
context for an 11-min extinction session (R4/E11 6 h). Rats were evaluat-
ed 24 h later in a 5-min test and again 7 d later in a retest. (B) Data are the
mean * SEM of percentage time spent freezing during reactivation, test,
and retest.
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Figure 6. Experiment 5. (A) Experimental protocol. Rats were trained as

in former experiments and 72 h later assigned randomly to one of four
groups: extinction (RO/E15), control (RO/E0), R1/E14, or R4/E11.
Treatments for each group were identical to those in previous experi-
ments. Twenty-four hours later, all groups were again exposed to the
training context for 3 min (preshock period) after which they received a
single 0.5-mA shock. Twenty-four hours later all groups were subjected
to a 5-min test session. (B) Data are the mean = SEM of percentage
time spent freezing during the preshock period of reacquisition and test.

treatments, since rapid and strong reacquisition (i.e., savings)
occurs when the reinforcer is presented again in the original train-
ing context (Bouton 2002). Twenty-four hours later all groups
were tested as in previous experiments. In order to test our predic-
tion that retarded reemergence should only be observed in Group
R4/E11, groups were compared in two instances: during the pre-
shock period of the reacquisition session (all groups had already
been extinguished under different regimes, except of course those
in the control group) and during the test 24 h after reacquisition.
Figure 6A depicts the experimental protocol.

Figure 6B shows the results of reacquisition and test phases.
A one-way ANOVA (group as factor) on the preshock period of
the reacquisition session revealed a significant effect of group
(F(3,25) = 6.6195, P < 0.01). Post hoc analyses revealed that the
control group was the only one that differed from all others,
with no differences among experimental groups. This is expected
because the control group was the only one not subjected to any
extinction procedure, hence high levels of freezing persist during
this stage. A one-way ANOVA (group as factor) on the test signaled
a significant effect of group (F(32s) = 11.099, P < 0.01). Post hoc
analyses demonstrated that only group R4/E11 differed from the
other groups, thus showing attenuated reacquisition of behavioral
control.

Discussion

The major finding of the present study is that memory destabiliza-
tion is a prerequisite for the beneficial effects of the reactivation—
extinction procedure described by Monfils et al. (2009). This is, to
our knowledge, the first report to reveal one reason why many
studies around the world have failed to obtain such a benefit,
with some studies even reporting the opposite effect (Chan
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et al. 2010; for review, see Auber et al. 2013). Results from several
experiments support this conclusion. Experiment 1 showed that
the vulnerability of the contextual fear memory to the amnesic
effect of MDZ is observed after either 4 or 5 min of reactivation,
but not when 1 min of reactivation is used. A possible explanation
for this result is that 1 min is not sufficient to destabilize the trace
through initiation of synaptic protein degradation, a process
that can take place after at least 3 or 5 min, as demonstrated
by Lee et al. (2008) and also indirectly shown by others in contex-
tual fear with rodents (Suzuki et al. 2004; Bustos et al. 2009).
Experiment 2 showed that 15 min of extinction training sub-
stantially reduces freezing behavior during extinction and 24 h
later, but that this effect recovers after 7 d. A very similar pattern
emerges when 1-min reactivation is administered half-an-hour
before 14 min of extinction, as observed in Experiment 3a. Both
procedures led to a decrease in freezing behavior that recovered
7 d later. However, Experiment 3b revealed that when 4-min re-
activation (which induces memory destabilization, as observed
in Experiment 1) preceded 11 min of extinction, spontaneous re-
covery was attenuated.

As was observed in Experiment 4, when extinction was ad-
ministered 6 h after reactivation (that is, outside of the recon-
solidation window), recovery was again observed. Finally,
Experiment 5 replicated and extended these findings by showing
that destabilization followed by extinction attenuates reacquisi-
tion, at least under the present experimental conditions. This
adds generality to the findings of Experiments 3a and 3b, while
comparing all relevant groups in one experiment. Our results
are in agreement with those of Monfils et al. (2009) and the inter-
pretations of Auber et al. (2013), because the effect is assumed to
occur under a crucial premise: Prior memory destabilization is a
critical process for extinction to be durable and resistant to recov-
ery, which we fully confirmed in this study. Moreover, these re-
sults demonstrate one variable which seems to be critical for the
observation of the effect, the amount of exposure during reactiva-
tion, since 1 min of reactivation did not produce such a robust
extinction, thus offering a candidate explanation for the numer-
ous failed attempts to replicate the original report. We do not ar-
gue that the duration of the reactivation is the only and critical
variable. Indeed, Clem and Huganir (2010) observed that the ef-
fectiveness of the reactivation—extinction procedure is highly de-
pendent on the conditioning-reactivation interval, as the effect
was observed when this interval was 1 d but not 7 d (in the current
experiments it was 3 d). Rather, we suggest that since trace desta-
bilization cannot be directly detected, it must be inferred from
an experimental manipulation in order to assure its occurrence.
The fact that in contextual fear conditioning reactivation dura-
tion seems to be critical to induce trace destabilization, as seen
by Suzuki et al. (2004), Lee et al. (2008) and Bustos et al. (2009),
suggests that different preparations and parametric variations
may probably require different reactivation conditions to induce
trace destabilization. The critical issue is to determine precisely
which conditions are necessary in each case, and our results sug-
gest that, everything else being equal, the duration of exposure
can have a critical effect.

Soeter and Kindt (2011) using a differential fear conditioning
paradigm in humans, and employing propanolol as an amnesic
agent to reveal the occurrence of the destabilization and reconso-
lidation processes, did not provide support for the reactivation-
extinction procedure. These results seem to be at odds with the
current findings. However, as the authors suggested, the number
of extinction trials utilized in their study was perhaps insufficient
to induce extinction. In agreement with this view, in Experiment
2 they observed spontaneous recovery for the control CS as
soon as 24 h after completing extinction training, an effect that
was attenuated in the reactivated CS condition. Therefore, it is
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reasonable to agree with the author’s interpretation: Although the
memory was destabilized (which is deduced by the amnesic effects
of propanolol), the amount of extinction training was insufficient
to induce memory updating. Hence, in Experiment 2 of the pres-
ent research our aim was to obtain an extinction protocol strong
enough to reduce the conditioned response at least 24 h after
training, since this would guarantee the existence of a long-term
extinction memory, thus avoiding the complication reported by
Soeter and Kindt (2011).

Although procedures that maximize extinction learning are a
promising avenue of research, it is hitherto unclear why some lab-
oratories failed to obtain durable effects with reactivation-ex-
tinction procedures, while others succeeded. A parsimonious
interpretation assumes that the relationship between reactivation
and memory destabilization forms an inverted U-shaped func-
tion. Too little reactivation would not induce memory destabiliza-
tion, whereas too much reactivation would trigger an extinction
process. In both cases, extinction applied later would be less
capable of interfering with the original memory, and less durable
effects should be expected. As stated earlier, memory destabiliza-
tion cannot be directly observed. It must be shown to be taking
place by pharmacological manipulation under particular reactiva-
tion conditions. A logical inference, then, is that equating mere
reactivation to memory destabilization could lead to erroneous
conclusions.

Anumber of major questions remain unanswered and should
be addressed in order to comprehend and manipulate the reacti-
vation-extinction procedure in a clinical setting. The first one
is, of course, what conditions need/must be met in order to desta-
bilize a memory? Or, simply put, when does reconsolidation oc-
cur? Large efforts are being made to answer that question (for
review, see Finnie and Nader 2012), but recent experimental
data in both rats (Lee 2008; Diaz-Mataix et al. 2013) and humans
(Sevenster et al. 2012, 2013) suggest that prediction error or a mis-
match between what is expected and what is experienced should
take place in order for memories to undergo reconsolidation. That
hypothesis was already advanced by Maldonado’s group a few
years earlier (Pedreira et al. 2004) and by Eisenberg et al. (2003).
It is tempting to conclude that the reactivation conditions neces-
sary to induce trace destabilization in this study produced a mis-
match between training and reactivation, since shock was
delivered at 3 min (and again 30 sec later) during conditioning,
while no shock was delivered in a similar amount of time (4
min) during reactivation. Consistent with this interpretation, un-
published data from our laboratory suggest that prediction error
may be key to destabilization.

In summary, we believe that the potential of procedures that
exploit both reconsolidation and extinction (Monfils et al. 2009;
Schiller et al. 2010) are enormously rich because they avoid phar-
macological intervention. Despite numerous failures (for review,
see Auber et al. 2013), the phenomenon has been revealed in dif-
ferent species and experimental preparations, and clinical appli-
cations are feasible given the successes in humans. The present
report clarifies these discrepancies by showing a critical variable
(amount of exposure, assumed to reveal destabilization only after
sufficient reactivation) that determines whether the benefit on ex-
tinction learning occurs or not.

Materials and Methods

Subjects

Subjects were experimentally naive, adult male Wistar rats (60 to
65-d old, weighing 270-320 g at the beginning of the experi-
ments). Animals were bred in our colony in the Laboratorio de
Psicologia Experimental, Facultad de Psicologia, Universidad
Nacional de Cérdoba, Argentina. All animals were housed in stan-
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dard laboratory Plexiglas cages (60 cm long x 40 cm wide x 20 cm
high) in groups of 3—4 per cage. Food and water were available ad
libitum. Animals were maintained on a 12-h light/dark cycle
(lightson at 8 a.m.), at room temperature of 21°C-23°C. The stan-
dards of the NIH Guide for the Care and Use of Laboratory Animals
were respected. The number of animals and their suffering was
kept to the minimum possible to achieve the goals of this research.

Drugs

Midazolam (MDZ, Gobbi Novag SA) was diluted in sterile isotonic
saline (SAL, 0.9% w/v) to a concentration of 3 mg/mlL, and ad-
ministered intraperitoneally (i.p.). The total volume of drug or
equivalent amount of SAL was 1.0 mL/kg in all cases. This dose
of MDZ was selected on the basis of previous reports demonstrat-
ing its ability to block contextual fear memory reconsolidation in
Wistar rats (Bustos et al. 2009).

Apparatus

Contextual fear conditioning was conducted in a 24 cm long x 22
cm wide x 22 cm high Plexiglas chamber with opaque gray walls
and a removable transparent ceiling, the floor consisting of 20 par-
allel stainless-steel grid bars, each measuring 3 mm in diameter,
spaced 1 cm apart, and connected to a device to provide adjustable
foot shocks (Automatic Reflex Conditioner 7501, Ugo Basile). The
chamber was cleaned with water and dried with paper towels
before and after all subjects. Recording of behavior (for offline
analysis) was made with a DCR-SR21 Sony Handycam digital
video camera placed 50 cm above the conditioning chamber.
Background noise was supplied with ventilation fans. All proce-
dures were made in a sound-isolated experimental room.
Experiments were always performed during the light phase of
the cycle.

Behavioral procedures

In all experiments, rats were first identified, weighed, and handled
for 5 min on two separate days to habituate them to experimental
manipulation. In those experiments involving i.p. injections, rats
were also injected with 1 mL/kg SAL after handling was complete
to habituate them to this procedure.

Contextual fear conditioning

One day after habituation procedures ended, rats were taken out
individually from their home cage, transported into the experi-
mental room, and exposed to the conditioning chamber for 3
min (preshock period), after which two foot shocks (1.0 maA,
3-sec duration, with an inter-shock interval of 30 sec) serving as
USs were delivered. Immediately after the second shock ended,
rats were removed from the chamber, transported back to the col-
ony room, and placed back in their home cages.

Reactivation session

Reactivations were always carried out 72 h after conditioning. Rats
were reexposed to the conditioning chamber, without foot shock,
for different periods of time (1, 4, or 5 min), depending on the
experiment.

Drug administration

In Experiment 1, MDZ 3 mg/kg or an equivalent amount of SAL
was injected i.p. immediately after reactivation sessions.

Extinction

Extinction consisted of exposing rats to the conditioning cham-
ber during 11, 14, or 15 min, depending on the experiment.
However, in all groups receiving reactivation and extinction, the
total amount of context exposure was always 15 min (whether it
was 15 min straight or divided in 1/14 or 4/11).
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Reacquisition

In Experiment 5 reacquisition consisted of a 3-min preshock peri-
od followed by only one 3-sec shock of 0.5 mA (half the number
[2] and intensity [1.0] of US compared to initial conditioning), af-
ter which rats were immediately removed from the chamber and
taken back to their home cages in the colony room.

Test

Tests consisted of a 5-min exposure session to the conditioning
chamber, without shock.

Retest
Retests were identical to test, but 7 d later.

Behavioral scoring

All experiments were video-taped for later offline analyses.
Freezing behavior, defined as the total absence of body and
head movements except for that associated with breathing
(Blanchard and Blanchard 1969), was scored minute-by-minute
with a stopwatch by an observer blind to the experimental condi-
tion of each animal, and expressed as percent of time (in seconds).
Inter-observer reliability was established with a different set of
data (Pearson’s r = 0.95).

Experiment |

Rats were first subjected to a contextual fear conditioning.
Seventy-two hours later, they were randomly assigned to one of
four reactivation conditions, depending on reactivation trial
duration, 1, 4, or 5 min, and a control group (no reactivation at
all or 0 min). Immediately after reactivation, half of the rats in
each condition received a 3 mg/kg MDZ injection (i.p.) and the
other half received an equivalent amount of SAL. Groups were la-
beled according to drug (MDZ or SAL) and reactivation trial dura-
tion (0, 1, 4, or 5 min). Twenty-four hours after reactivation, all
groups were subjected to a 5-min test. For all groups, n = 6.

Experiment 2

Seventy-two hours after conditioning, half of the rats were sub-
mitted to a 15-min extinction session and the other half served
as controls (no context exposure). Number of subjects: extinction
(n = 8) and control (n = 8). Both groups were submitted to a test
and retest 24 h and 7 d after the extinction session, respectively.

Experiment 3a

Seventy-two hours after conditioning, all rats were submitted to a
1-min reactivation session. Immediately after reactivation, rats
were transported back to their home cages. Half of the rats were
returned to the experimental room 30 min after reactivation
and were reexposed to the conditioning chamber for 14 min
and then returned back to their home cages, while the other
half were not. Groups sizes were as follows: reactivation of 1
min and extinction of 14 min or R1/E14 (n = 7) and reactivation
of 1 min and extinction of O min or R1/EQ (n = 8). Both groups
were submitted to a test and retest, identical to Experiment 2.

Experiment 3b

Identical to Experiment 3a, except that the reactivation session
lasted 4 min and the extinction session lasted 11 min. Group sizes
were as follows: R4/E11 (n = 8) and R4/E0 (n = 8). Both groups
were submitted to a test and retest, identical to Experiments 2
and 3a.

Experiment 4
Identical to Experiment 3b, except that the time between reactiva-
tion and extinction sessions was 6 h, not 30 min: R4/E11 (n = 8).
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Experiment 5

Rats were first subjected to contextual fear conditioning and 72 h
later randomly assigned to one of four groups: extinction (n = 8),
control (n=7),R1/E14 (n=7), or R4/E11 (n = 7). Groups extinc-
tion and control were identical to Experiment 2, while groups R1/
E14 and R4/E11 to Experiments 3a and 3b, respectively. Twenty-
four hours after completing treatment, all groups were subjected
to a reacquisition session, consisting in a 3-min preshock period
followed by a single 0.5-mA shock lasting 3 sec. Twenty-four hours
after completing reacquisition, all groups were subjected to a
5-min test session.

Statistical analyses

Results were expressed as mean * SEM of the percentage time the
animal spent freezing. Significant ANOVAs were followed by the
Newman-Keuls Test for post hoc analysis. In all cases, P < 0.05
was the statistical threshold.
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