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It is generally accepted that, after learning, memories stabilize over time and integrate into long-term memory (LTM) through the process
of consolidation, which depends on de novo protein synthesis. Besides, studies on several species have shown that reactivation of already
stabilized LTM can either make this memory labile and then restabilize it (a process called reconsolidation) or inhibit it (extinction).
However, the identity of both processes and their interactions with consolidation are still under debate. Regarding memory stabilization,
Drosophila offers a striking exception since, in this species, LTM is not the sole stable form of memory. Under specific learning conditions,
anesthesia-resistant memory (ARM) can be formed through processes yet unknown but that are resistant to cycloheximide, a classical
protein synthesis inhibitor that impairs LTM. Here, we took advantage of this dichotomy to ask whether both ARM and LTM could be
extinguished and/or reconsolidated. We also studied whether two forms of memory extinction and reconsolidation exist in flies, as for
memory stabilization. We show that either reconsolidation or extinction can be induced after olfactory conditioning in Drosophila,
depending on the number of reactivations as in other species. Furthermore, regarding the effect of cycloheximide, the ARM/LTM
dichotomy for stabilization does not apply to extinction and reconsolidation. Blocking protein synthesis interfered with both processes
regardless of whether initial stabilization was sensitive (LTM) or not (ARM) to cycloheximide. These results thus show that Drosophila is
a useful model to tackle these questions and that reconsolidation is not necessarily a mere repetition of consolidation.
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Introduction
Many studies have shown that the maintenance of memories
requires consolidation, a crucial phase which allows the learned
information to become resistant to interfering treatments (Dun-
can, 1949; Dudai and Morris, 2000; Dudai and Eisenberg, 2004).
Until recently, it was considered that, after a single consolidation
phase, memories remained resistant to interference (McGaugh,
2000). However, several studies have challenged this view. After
consolidation of a memory of an association between a condi-
tioned stimulus (CS) and an unconditioned stimulus (US), fur-
ther presentations of the CS alone (reactivation) can destabilize
it. Once made labile, the initial memory trace (CS-US) can be
stabilized again through reconsolidation (Misanin et al., 1968;
Mactutus et al., 1979; Nader et al., 2000; Sara, 2000; Dudai, 2006),
so that the behavioral response to the CS is maintained. Alterna-
tively, reactivation can lead to extinction, a decrease of the re-

sponse resulting from the consolidation of a new memory of the
association CS-no US (Suzuki et al., 2004).

Reconsolidation and extinction thus lead to opposite behav-
ioral outcomes. Whether one or the other process is triggered
depends on several factors (Alberini et al., 2006). In particular, as
shown in rats by Suzuki et al. (2004), the strength and age of the
original memory is important, as is the strength of the reactiva-
tion phase (number/duration of reactivation trials), such that
younger and weaker memories are more easily reconsolidated. In
species usually studied, consolidation, extinction, and reconsoli-
dation are processes of memory stabilization, and require de novo
protein synthesis. However, what their underlying mechanisms
are is still under debate. In particular, the question of the similar-
ity between consolidation and reconsolidation remains disputed
(Alberini, 2005; Nader et al., 2005; Alberini et al., 2006; Eisen-
hardt and Menzel, 2007; Moore and Roche, 2007; Stollhoff et al.,
2008).

To clarify the relationships between these processes, we stud-
ied some of their properties in Drosophila melanogaster, which
provides genetic tools that should ultimately help to define as-
pects of their cellular and molecular bases. We used the common
learning paradigm of classical (Pavlovian) olfactory condition-
ing, in which the CS is an odorant and the US a shock, whether
electric (Tully et al., 1994) or mechanical (Mery and Kawecki,
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2005). A mutant-based genetic dissection of memory has distin-
guished four kinds of memory using electric shock as US (Tully et
al., 1994). Beside the labile short-term memory and middle-term
memory are two forms of stabilized memory: a cycloheximide
(CXM)-insensitive memory [anesthesia-resistant (ARM)] and a
CXM-sensitive (protein synthesis-dependent) long-term mem-
ory (LTM). They can be induced experimentally through multi-
ple CS-US presentations during conditioning: ARM is produced
when no delay separates successive presentations of the CS paired
with the US (massed protocol) while a sufficient delay (spaced
protocol) produces both ARM and LTM (Tully et al., 1994). This
study aimed to analyze the effect of reactivation on these two
forms of memory, by evaluating whether extinction and/or re-
consolidation could be induced by different numbers of reactiva-
tion trials, and whether the nature of the initial memory had an
impact on these processes.

Materials and Methods
Fly stock and maintenance. Adult wild-type Drosophila melanogaster flies
collected in the center of France (Chavroches) in 2006 and maintained in
the lab on standard food were used for all experiments.

Conditioning. We used a classical aversive olfactory conditioning assay
(Mery and Kawecki, 2005). Flies were conditioned to associate one of two
odors (3-octanol or 4-methylcyclohexanol, Sigma) with a mechanical
shock. Conditioning was performed on groups of 50 adult flies (sexes
mixed) aged 3–5 d from eclosion. These flies were isolated from culture
bottles 24 h before conditioning, placed in small vials containing a wet
filter paper, and kept at 22°C until conditioning. The conditioning pro-
cedure consisted of five training sessions separated by 20 min intervals
(spaced protocol) or immediately after one another (massed protocol).
In each training session, flies were first exposed for 1 min to the CS�
odor (3-octanol or 4-methylcyclohexanol) simultaneously with mechan-
ical shock (2000 rpm vibration pulses of 1 s duration, delivered every 5 s
by a test tube shaker). This period was followed by a 1 min rest period,
during which flies received humid air flow (no odor) and no shocks.
Then, for 1 min, the other odorant was delivered, without shock. The
training session ended with a second rest period of 1 min. Half of the flies
were conditioned with 3-octanol as CS� and the other half with
4-methylcyclohexanol as CS�. After being conditioned, the flies were
directly removed from the training system and put back into vials tubes
containing wet filter paper until the reactivation phase.

Reactivation. Reactivation was performed 24 h after conditioning. This
phase consisted in successive cycles of presentation of the CS� alone
without mechanics shocks. Each cycle consisted of a 1 min presentation
of the CS� followed by a 1 min rest (without odor). The resting period
prevented habituation of the flies to the odorant. Flies received zero, one,
three or five reactivation cycles and were then transferred back into vials
containing wet filter paper until the memory assay.

Memory assay. A memory assay was performed either 24 h after initial
conditioning or 24 h after reactivation. The test consisted of a choice
between the CS� and the CS�. Each group was transferred to the central
point of a T-maze, in which they were exposed to two convergent cur-
rents of air (one carrying CS� and one carrying CS�) from opposite
arms of the T-maze. Flies were allowed to choose between the two odors
for 30 s, at which time they were trapped inside their respective arms of
the T-maze, killed, and counted.

CXM treatment. To assess how consolidated memory depends on the
synthesis of de novo proteins, flies were fed for 1 h with the protein
synthesis inhibitor CXM (Sigma-Aldrich) dissolved into sweet water
(20% sucrose) just before the conditioning or reactivation phase. Con-
trol flies were fed with sweet water only during the same amount of time.
We used a dose (35 mM) previously shown to efficiently block LTM
(Tully et al., 1994, Mery and Kawecki, 2002).

Statistical analysis. For each measurement, a memory score was calcu-
lated as the difference in the proportion of flies choosing octanol when
conditioned to avoid methylcyclohexanol versus when conditioned to
avoid octanol. For statistical comparison of the memory scores, all pro-

portions were angularly transformed before the analysis (Sokal and
Rohlf, 1995). Differences between memory scores were tested with a
univariate ANOVA. For comparisons among reactivation cycle number,
we used planned orthogonal contrasts and t tests were used for mean
comparisons. All statistical analyses were performed using SPSS. t tests
were used on memory scores to evaluate whether they were significantly
different to 0.

Results
Massed and spaced conditioning induce stable ARM and LTM
As a first step, we verified whether, using our protocol with a
mechanical shock, we could obtain a CXM-resistant memory
(ARM) after massed training and if spaced training also induced
a CXM-sensitive memory (LTM). In our conditions, both
massed and spaced training protocols of associative conditioning
induced stable memory, as observed 24 h and 48 h later (Fig. 1).
Flies treated with CXM before conditioning showed significantly
reduced response levels compared with controls when the spaced
protocol was used for conditioning (univariate ANOVA: F(1,14) �
10.3; p � 0.01) but not with the massed protocol (F(1,14) � 0.2;
p � 0.05), thus indicating that LTM was formed only in the
former case. However, once LTM was established, it became re-
sistant to the blockade of protein synthesis: when applied 24 h
after spaced conditioning, the CXM treatment did not affect re-
sponse levels when tested 48 h postconditioning (F(1,70) � 0.9;
p � 0.05). We conclude that, in our experimental conditions, (1)
the two protocols induce different stable memories (both ARM

Figure 1. CXM sensitivity following a massed or spaced training acquisition protocol. Spaced
protocol: memory was tested 24 h after conditioning (CXM just before conditioning: n � 44 per
group) or 48 h after conditioning (CXM 24 h after conditioning: n � 36 per group). Massed
protocol: memory was tested 24 h after conditioning (n � 16 per group) or 48 h after condi-
tioning (n � 16 per group) (**p � 0.01). Error bars show SEM.
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and LTM after spaced training and only ARM after massed train-
ing) and, (2) as expected, protein synthesis was required only for
LTM formation but not for its maintenance nor for ARM
formation.

Moderate reactivation of ARM triggers a protein
synthesis-dependent reconsolidation
We then investigated the effect of the number of reactivation
cycles on both stabilized memories. Twenty-four hours after a
massed or spaced conditioning protocol, a variable number of
reactivation cycles (see Materials and Methods) were performed,
and the response levels of the flies were measured in a memory
test 24 h later (i.e., 48 h after conditioning) (Fig. 2). One reacti-
vation cycle did not affect memory, as shown by response levels
similar to those of flies not submitted to any reactivation (0 cycle
groups), whatever the conditioning protocol (planned contrast:
LTM, p � 0.1; ARM, p � 0.1). Besides, whether they had been
treated with CXM before the presentation of CS� had no effect

(Fig. 2) (one reactivation cycle, p � 0.1 in both cases), thus con-
firming previous studies showing that a short reactivation does
not affect initial consolidated memory.

When reactivation consisted of three cycles, the response lev-
els observed 24 h later differed significantly according to the pro-
tocol used for conditioning. After a massed protocol, untreated
flies submitted to a three-cycle reactivation responded at levels
similar to those of non-reactivated flies (Fig. 2A). However,
memory was abolished if flies had been treated with CXM before
reactivation. This suggests that the initial memory trace was de-
stabilized by the three-cycle reactivation and then consolidated
through new protein synthesis. This is the first evidence, to our
knowledge, of reconsolidation in Drosophila. Interestingly, the
memory formed by the massed protocol conditioning was CXM-
resistant (Fig. 1), but it became CXM-sensitive after a three-cycle
reactivation. Thus, it appears here that different mechanisms of
stabilization were triggered after acquisition and after
reactivation.

When tested 24 h after a spaced protocol conditioning and
three reactivation cycles, neither CXM-treated nor control flies
showed any significant memory (Fig. 2B). As this suggested that
in such conditions the memory was less stable, we measured re-
sponses to the CS� at shorter delays (0, 5, or 8 h after reactiva-
tion) to test whether a memory trace could be detected at earlier
times. However, surprisingly, we observed no significant mem-
ory at any of these time points (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). From this, we
conclude that, under our experimental conditions, when the ini-
tial memory is induced by spaced protocol (CXM-sensitive),
three cycles of reactivation must disrupt it completely. This result
is contradictory to previous studies which found a strong recon-
solidation effect after reactivation on protein synthesis depen-
dent acquisition memory (Nader et al., 2000).

Intense reactivation of both ARM and LTM produces protein
synthesis-dependent extinction
When the number of reactivation cycles was increased to five,
memory of the CS-US the response level of untreated flies was not
significantly different from 0, regardless of the protocol used to
form the acquisition memory (t test: p � 0.1 in both cases) (Fig.
2). Thus, the memory of the initial association was completely
abolished 24 h later, and this effect was dependent on protein
synthesis in both cases, since CXM-treated flies showed response
levels similar to those of un-reactivated flies (planned contrast:
p � 0.1 in both cases). Thus, extinction induced by a five-cycle
reactivation resulted in the active consolidation of a new mem-
ory, CS-noUS, expressed by a drastic drop of the response levels
to the CS�. It is noteworthy that the requirement for protein
synthesis in the stabilization of this new memory occurred inde-
pendently of the involvement of protein synthesis in the consol-
idation of the acquisition memory, since similar results were ob-
tained when the acquisition memory was CXM-resistant (Fig.
2A) and CXM sensitive (Fig. 2B).

Reconsolidation and extinction are specific to presentation of
the CS�
Finally, we tested whether the observed reconsolidation and ex-
tinction processes were specific to the presentation of the CS�,
by presenting the CS� instead during the reactivation cycles. As
opposed to three cycles of CS� presentation, which induced sig-
nificant CXM-sensitive reconsolidation of ARM (Fig. 3)
(ANOVA: F(1,15) � 9.35, p � 0.01), three cycles of CS� presen-
tation 24 h after massed conditioning did not affect the response

Figure 2. Effect of reactivation on stability of consolidated memory after a massed (A) or a
spaced (B) protocol. A, Zero, one, three, or five cycles of CS� re-exposure after massed condi-
tioning (control group: n � 16 per group; CXM-treated group: n � 15–16 per group) B, Zero,
one, three or five cycles of CS� re-exposure 24 h after spaced conditioning (control group: 0
cycle, n � 36; 1 cycle, n � 12; 3 cycles, n � 12; 5 cycles, n � 20; CXM-treated group: 0 cycle,
n � 36; 1 cycle, n � 12; 3 cycles, n � 12; 5 cycles, n � 19) (*p � 0.05; **p � 0.01). Error bars
show SEM.
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of the flies whether they had been treated with CXM or not (Fig.
3) (F(1,14) � 0.16, p � 0.05). Similarly, while extinction occurred
after a 5 CS� reactivation cycle, i.e., flies showed no significant
memory (t test: ARM: t(1,7) � �1.9, p � 0.05; LTM: t(1,7) �
�0.035, p � 0.05), flies exposed to 5 CS� reactivation cycles still
responded significantly to the CS� (ARM: t(1,7) � 4.55, p � 0.01;

LTM: t(1,7) � 4.22, p � 0.01) (Fig. 4). Thus, extinction of both
ARM and LTM could be induced by a sufficient number of pre-
sentations of the CS� only. We therefore conclude that, when
occurring, reconsolidation and extinction were specifically trig-
gered by repeated presentations of the CS�.

Discussion
In this study, we addressed for the first time the question of the
relationship between consolidation, reconsolidation and extinc-
tion using Drosophila melanogaster. Our results clearly show that
both reconsolidation and extinction exist in this model. This
opens new perspectives for the understanding of the molecular
and cellular aspects of such processes. The wide array of genetic
tools now available in this model organism can be used to tackle
these questions, as it allowed dissecting several aspects of memory
stabilization (Keene and Waddell, 2007). Within this perspective,
we have started investigating the relationships between extinc-
tion, reconsolidation and stabilization of acquisition memory.
For this, we took advantage of a potentially unique aspect of
Drosophila cognition: the existence of two forms of stabilized
memory, ARM and LTM, respectively resistant and sensitive to
the CXM protein synthesis inhibitor (Margulies et al., 2005). We
asked whether this dichotomy extended to reconsolidation and
extinction. Our findings show that (1) whether reconsolidation
or extinction takes place upon reactivation of the stable memory
depends on the intensity of such reactivation, (2) both processes
can be built whether the memory initially stabilized was CXM-
sensitive or resistant, (3) both are CXM-sensitive even if the sta-
bilization of the acquisition memory was not, as in the case of
ARM, and (4) extinction or reconsolidation occurs specifically
when reactivation involves the presentation of the CS�.

The onset of reconsolidation or extinction depends on the
intensity of reactivation by CS� presentations
Together, our findings show that after formation of an acquisi-
tion memory through repeated CS-US pairings, further reactiva-
tion of this memory can modify the flies’ response to the CS. The
observed change is variable, depending on the intensity of reac-
tivation (here, the number of reactivation cycles). This is in ac-
cordance with previous studies on other organisms (crab: Pe-
dreira and Maldonado, 2003; fish: Eisenberg and Dudai, 2004;
rat: Suzuki et al., 2004; Power et al., 2006; bee: Stollhoff et al.,
2005). Here, while a weak reactivation (one cycle) did not modify
the expression of the acquisition memory (CS-US), a moderate
(three cycles) or intense (five cycles) reactivation could induce,
respectively, reconsolidation of the acquisition memory or ex-
tinction. The latter is generally considered to result from the
formation of a new memory (extinction memory) corresponding
to the new association of the CS with the absence of US. This view
is comforted by our demonstration that the CS� is required to
induce the observed drop of conditioned responses (CS� presen-
tations had no effect). Besides, extinction is an active process
involving protein synthesis, since a CXM treatment maintains
stable levels of response after five reactivations. We interpret this
as the expression of the original acquisition memory when the
formation of the new extinction memory is repressed, in accor-
dance with previous work (Suzuki et al., 2004; Stollhoff et al.,
2005). Thus, in Drosophila as well, extinction corresponds to the
consolidation of a new memory trace that is sensitive to protein
synthesis inhibitors rather than to the erasure of the initial trace.

If extinction is not induced, the original memory can be main-
tained over days once formed and stabilized, and is resistant to
CXM treatment, independently of the conditioning protocol.

Figure 4. Specificity of intense reactivation. Effect of 5 CS� or CS� exposure 24 h after
spaced (n � 8 per group) or massed conditioning (n � 8 per group) (**p � 0.01). Error bars
show SEM.

Figure 3. Specificity of moderate reactivation. Effect of 3 CS� or CS� exposure 24 h after a
massed conditioning (ARM). CXM treatment is administrated just before reactivation (3CS�:
n � 8 per group; 3CS�: n � 8 per group) (**p � 0.01). Error bars show SEM.
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However, we observed reduced response levels in CXM-treated
flies after three cycles of reactivation (after a massed condition-
ing). This result thus indicates that moderate reactivation can
destabilize the originally CXM-resistant memory and turn it into
a labile, CXM-sensitive, memory. This effect of moderate reacti-
vation has been observed in a wide range of studies and has been
interpreted as a reconsolidation process (for review, see Tronson
and Taylor, 2007). However, in this study, it is surprising that we
could not reveal such a reconsolidation after spaced training ac-
quisition, since both CXM-treated and untreated flies main-
tained low levels of response when identical reactivation condi-
tions followed spaced conditioning. Although reconsolidation
should lead to a stable memory, we tested the unlikely possibility
that memory had been reconsolidated indeed but then had been
quickly erased during the 24 h delay before testing. Our results
clearly show that no expression of memory could be observed,
even immediately after reactivation. This is at odds with previous
studies which found a strong reconsolidation effect after reacti-
vation of protein synthesis-dependent acquisition memory
(Nader et al., 2000). It is neither likely that extinction occurred,
since this drop in expression of the CS-US memory was observed
also in CXM-treated flies. Indeed, CXM should have repressed
extinction memory and allowed normal response levels, like after
five cycles of reactivation (see above), though we cannot discard
that some CXM-resistant extinction might have occurred. Nei-
ther can we exclude the fact that under these conditions recon-
solidation and extinction might have co-occurred. This remains
an open question that will require further studies. Still, our main
result remains that both extinction and reconsolidation could be
demonstrated experimentally in Drosophila. As in other species,
these opposite processes share a common requirement for pro-
tein synthesis, and are triggered by different intensities of reacti-
vation (Eisenhardt and Menzel, 2007).

Reconsolidation does not recapitulate consolidation in
Drosophila
Interestingly, bona fide reconsolidation, depending on protein
synthesis, could be observed after reactivation of acquisition
memory of the ARM type, which had been stabilized indepen-
dently of protein synthesis. If reconsolidation was underlined by
mechanisms identical to those of consolidation, we would expect
two possible outcomes. If one considers that ARM stabilization
does not require protein synthesis and thus is not proper consol-
idation, reconsolidation should not occur after ARM formation.
Alternatively, considering that ARM was consolidated in a CXM-
resistant manner (if consolidation is taken sensu lato as stabiliza-
tion), reconsolidation should occur likewise. However, our re-
sults show that, in flies submitted to a massed conditioning
followed by three cycles of reactivation, two different events oc-
curred: first, an ARM-type acquisition memory was formed and
stabilized (through CXM-resistant mechanisms yet unknown);
second, this memory was reactivated and destabilized, then re-
consolidated into a CXM-sensitive form of memory. Even if con-
sidering that CXM does not fully block protein synthesis (Tully et
al., 1994), it remains clear that we are in presence of two different
forms of memory, and that the stabilization of the CXM-sensitive
reconsolidated memory must involve different processes from
those contributing to the formation of the original CXM-
resistant acquisition memory. This conclusion confirms the view
that reconsolidation is not a repetition of consolidation (Nader et
al., 2000; Alberini, 2005), and extends it to Drosophila, a new
model thus available now for the study of these questions.

A molecular switch triggered by reactivation?
In our experimental conditions, acquisition could lead to two
different forms of memory depending whether massed (ARM) or
spaced trials (LTM and ARM) were used during conditioning, in
accordance with previous studies (Tully et al., 1994). On the con-
trary, it is remarkable that, as far as we have observed, post-
reactivation processes appear more unified as they required pro-
tein synthesis in all our experiments. In particular, both massed
and spaced conditioning could be followed by the formation of
an extinction memory which was disrupted by CXM, regardless
of the nature of the initial memory (LTM and/or ARM). More
specifically, it is striking that an ARM-type memory is not sensi-
tive to the protein synthesis inhibitor for its stabilization, but that
its extinction and reconsolidation are. Thus, as proposed above
for reconsolidation, we conclude that molecular pathways in-
volving protein synthesis could be recruited for extinction even if
they had not been required initially for the formation of the ac-
quisition memory. Hence, extinction and acquisition memories
can be stabilized through distinct underlying mechanisms. Inter-
estingly, we used a reactivation protocol in which the CS� pre-
sentations followed each other without delay. This can thus be
viewed as a massed conditioning protocol for the acquisition of
the CS-noUS memory (extinction memory). The rule that
massed training leads to CXM-resistant memory would then not
apply to extinction, for which a CXM-sensitive memory trace
does not necessarily require spaced trials to be established. We
can therefore conclude that post-reactivation processes like ex-
tinction and reconsolidation involve protein synthesis in such a
way that they can be disrupted by CXM, even if they follow the
stabilization of ARM (CXM-resistant), at least under our exper-
imental conditions. This implies that a switch between different
signaling pathways may take place upon reactivation, as those
involved initially in consolidation may not be used. Perazzona et
al. (2004) have proposed that antagonistic molecular cascades
(cAMP-dependent for LTM and cAMP-independent for ARM)
could underlie the formation of ARM and LTM after acquisition.
According to their model, ARM would serve as a gating mecha-
nism for LTM formation. These authors showed that if LTM was
formed, it implied that ARM should be erased. Our results sug-
gest that this may also apply to LTM-type extinction and recon-
solidation memories. This competition is still under debate, and
whether it is symmetrical remains an open question, as inhibition
of LTM by ARM has only been hypothesized (Isabel et al., 2004).
Interestingly, we find that destabilization of ARM can be followed
by consolidation of reconsolidation memory through protein
synthesis. Future work with mutants should help to test the im-
plication of cAMP-dependent and independent pathways in
post-reactivation processes.
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