3010 - The Journal of Neuroscience, March 15, 2006 « 26(11):3010-3020

Behavioral/Systems/Cognitive

Persistent Disruption of an Established Morphine
Conditioned Place Preference
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Department of Neuroscience, Mount Sinai School of Medicine, New York, New York 10029

In human addicts, craving and relapse are frequently evoked by the recall of memories connected to a drug experience. Established
memories can become labile if recalled and can then be disrupted by several interfering events and pharmacological treatments, includ-
ing inhibition of protein synthesis. Thus, reactivation of mnemonic traces provides an opportunity for disrupting memories that con-
tribute to pathological states. Here, we tested whether the memory of a drug experience can be weakened by inhibiting protein synthesis
after the reactivation of its trace. We found that an established morphine conditioned place preference (mCPP) was persistently disrupted
if protein synthesis was blocked by either anisomycin or cycloheximide after the representation of a conditioning session. Unlike other
types of memories, an established mCPP did not become labile after contextual recall, but required the concomitant re-experience of both
the conditioning context and the drug. An established mCPP was disrupted after the conditioning session if protein synthesis was blocked
selectively in the hippocampus, basolateral amygdala, or nucleus accumbens but not in the ventral tegmental area. This disruption seems
to be permanent, because the preference did not return after further conditioning. Thus, established memories induced by a drug of abuse

can be persistently disrupted after reactivation of the conditioning experience.
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Introduction
In human addicts, exposure to environmental cues previously
associated with a drug strongly increases the risk of relapse (Lud-
wig and Stark, 1974; O’Brien et al., 1977). This conditioned re-
sponse can occur despite years of abstinence from drug use
(O’Brien et al., 1992) and represents a major challenge for the
treatment of addiction. Several recent studies indicate that mem-
ory mechanisms and systems play a critical role in addiction
(Landauer, 1969; White, 1996; Hyman and Malenka, 2001; Nes-
tler, 2002; Robbins and Everitt, 2002). Indeed, because the expe-
rience of drugs of abuse creates new memories, these drugs can be
viewed as memory modulators or enhancers (Landauer, 1969;
White, 1996). Moreover, a growing body of evidence indicates
that memory and addiction share both neural circuitry and mo-
lecular mechanisms (Fuchs et al., 2000; Vorel et al., 2001; Nestler,
2002; Kelley, 2004). Thus, given that several aspects of addiction
depend on mnemonic processes induced by the drug experience,
it is reasonable to hypothesize that disrupting these memories
will help to diminish addictive behavior and the risk of relapse.
The stabilization of a new memory occurs through a process
known as consolidation, which requires gene expression. In fact,
disrupting protein synthesis immediately after learning prevents
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memory formation (Davis and Squire, 1984). Once consolidated,
memory can again become transiently labile and sensitive to pro-
tein synthesis inhibitors if reactivated (Nader et al., 2000; Sara,
2000; Dudai and Eisenberg, 2004; Alberini, 2005). Therefore, it
has been proposed that, to be maintained, a reactivated memory
needs to undergo a process of reconsolidation (Lewis, 1979;
Nader et al., 2000; Sara, 2000). This finding has important clinical
implications because it shows that by blocking protein synthesis
after reactivation, it is possible to selectively reduce or even elim-
inate long-lasting memories, including memories linked to
pathological states.

Here, we investigated whether an established, drug-induced
memory, similar to other types of memories, can be disrupted by
inhibiting protein synthesis after its reactivation. Toward this
end, we used a typical morphine conditioned place preference
(mCPP) paradigm, in which the animal learns to associate a con-
text with the rewarding effects of morphine. This paradigm mod-
els the formation of contextual/cued associations to drugs of
abuse. Notably, the recall of these types of memories is known to
play a critical role in several aspects of human addiction behavior,
including relapse, craving, drug-seeking behavior, and with-
drawal (Childress et al., 1993; O’Brien et al., 1993; Bardo and
Bevins, 2000). Our results show that it is possible to persistently
disrupt an established mCPP.

Materials and Methods

Animals. Adult male, Long—Evans rats weighing between 200 and 250 g
served as subjects in all the experiments. Animals were individually
housed and maintained on a 12 h light/dark cycle. All experiments were
performed during the light cycle. All rats were allowed ad libitum access
to food and water. All protocols were complied with the National Insti-
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tutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Mount Sinai School of Medicine Animal Care
Committees.

Morphine conditioned place preference. The protocol used was modified
from Romieu etal. (2002). All experiments took place in a dimly lit room.
On day 1, the rats received a single pre-exposure test in a Plexiglas shuttle
box (Med Associates, St. Albans, VT) composed of two compartments of
equal size (20.3 X 15.9 X 21.3 cm) separated by a sliding door. One side
consisted of white walls, a grid floor, and a 60 W light, which was on
throughout the experiments. The other side had black walls, a smooth
plastic-covered floor, and was unlit throughout the experiments. The
procedure consisted of three different phases: preconditioning (day 1),
conditioning (days 2-5), and postconditioning days, as indicated in Re-
sults. For the preconditioning phase, each rat was placed in the white
compartment with the door open. The animal was allowed to freely
explore the apparatus for 10 min. The time spent in each chamber was
recorded (unconditioned preference), and then the animals were re-
turned to their home cages. Most animals spent approximately one-half
of the time in each chamber (see Results). Animals showing a strong
unconditioned preference (>540 s), which were <2% of the total num-
ber, were discarded. On the subsequent 4 d, place preference condition-
ing was conducted using a counterbalanced procedure, such that one-
half of the animals in each experimental group were conditioned to the
spontaneously preferred side and the other half to the spontaneously
nonpreferred side. During conditioning, the animals received a subcuta-
neous injection of either morphine (10 mg/kg) or saline (vehicle solu-
tion) and were confined for 30 min in the assigned compartment. The
postconditioning testing consisted of placing the animal into the white
compartment and allowing it to freely access both chambers for 10 min.
The amount of time that the animals spend in the conditioned chamber
was recorded (CPP score). Because the aim of this study was to determine
whether the reactivation of the memory trace causes the CPP to become
labile again, we chose not to administer vehicle solution and confine the
animals to the alternative compartment. In fact, exposure to a second
compartment not paired with the drug but with vehicle also results in
learning the contextual representation of that compartment (Pavlov,
1927; Bouton, 1993). Thus, to avoid any interference of this second learn-
ing trace on the mCPP and its reactivation, we performed only pairings
with morphine. The potential drawback of omitting the vehicle pairing
procedure is that CPP memory impairments could be confused with
novelty seeking. However, we addressed the issue of novelty with control
experiments described in Results, showing that no motivational effects of
novelty were seen in our experiments. Our results are in agreement with
previous data and conclusions on CPP, indicating that rats do not form a
place preference for a novel side over one experienced previously (Mucha
et al,, 1982; Mucha and Iversen, 1984; van der Kooy, 1987; Bardo and
Bevins, 2000).

The re-experience of a conditioning trial (reinforced trial) and a re-
minder conditioning consisted of a single morphine conditioning
session.

Protein synthesis inhibitors. For systemic treatments, anisomycin or
cycloheximide were injected subcutaneously at 210 mg/kg (Milekic and
Alberini, 2002) and 2.8 mg/kg (Squire et al. 1980), respectively. For dou-
ble injection of cycloheximide, 2.2 mg/kg was used. These doses have
been shown previously to disrupt memory consolidation (Davis et al.,
1980; Squire et al., 1980; Milekic and Alberini, 2002). For local injections,
animals were injected bilaterally into the basolateral amygdala (BLA),
ventral tegmental area (VTA), and nucleus accumbens (NAc) with 0.5 ul
of anisomycin at 125 ug/ul (Quevedo et al., 1999; Schafe and LeDoux,
2000; Taubenfeld et al., 2001) delivered over 1.25 min. Bilateral injec-
tions into the hippocampus (HC) consisted of 1 ul delivered over 2.5
min. Anisomycin was dissolved as described previously (Milekic and
Alberini, 2002). Cycloheximide was dissolved in DMSO and finally di-
luted to 1%DMSO in saline. Vehicle solutions were prepared
accordingly.

Inhibition of protein synthesis. Groups of rats were injected intraperi-
toneally with 125 pCi 1-[*>S]methionine. Immediately after, they re-
ceived an injection of either protein synthesis inhibitors (cycloheximide
or anisomycin) or vehicle solution. One-half of these rats also received a
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second injection of either vehicle or inhibitor 5 h later. The rats that
received a single injection were divided into two groups; one was killed
1 h later, and the other was killed 6 h later. The rats that received two
injections were killed 1 h after the last injection. The brains were homog-
enized in 5 vol of cold lysis buffer (1% SDS, 60 mm Tris-Cl, pH 7.4, 62.4
mM imidazole, 40 mm DTT, 10% glycerol). The homogenates were boiled
for 5 min and centrifuged at 18,000 X g for 20 min at room temperature.
Equal amount of proteins were precipitated with 20% TCA and the ra-
dioactivity was counted. The inhibition of protein synthesis was calcu-
lated as follows: [1 — (CPM phivicor/ CPMyehicie)] X 100.

Surgical procedures. Rats were anesthetized and implanted with cannu-
las (22 gauge; Plastics One, Roanoke, VA) positioned 1.5 mm just above
each target areas using the following coordinates, according to Paxinos
and Watson (1998): HC: anteroposterior (AP), —4.0 mm and mediolat-
eral (ML), =2.60 mm from bregma; dorsoventral (DV), —2.0 mm from
the skull surface; BLA: AP, —2.8 mm; ML, =5.3 mm; DV, —6.25 mm
from the skull surface; NAc: AP, +1.4 mm; ML, 1.7 mm; DV, —6.30
mm; VTA: AP, —5.2 mm; ML, =1.80 mm with a 10° angle; DV, —6.45
mm. Rats were given at least 5 d to recover before undergoing any exper-
imental procedures.

Histology. At the end of the behavioral experiments, rats were anesthe-
tized with ketamine (60 mg/kg, i.p.) and xylazine (7.5 mg/kg, i.p.) and
perfused intracardially with 10% PBS-buffered formalin. The brains
were removed, postfixed overnight in a 30% sucrose/formalin solution,
and then cryoprotected in 30% sucrose/saline. To verify the location of
the cannula tips, 40 wm coronal sections were cut through the targeted
area, stained with cresyl violet, and examined under a light microscope.
Rats with incorrect cannula placements were excluded from the study.
Opverall, four rats received improper cannula placements and were there-
fore excluded from the analyses.

Statistical analyses. Statistical analyses were performed using one- and
two-way ANOVAs followed by Newman—Keul or Bonferroni’s post hoc
comparisons. For pair-wise comparisons, Student’s f test was used.

Results

The consolidation of mCPP requires protein synthesis

In the first set of experiments, we determined whether a 4 d
conditioning protocol requires a protein synthesis-dependent
process of consolidation to establish mCPP. Toward this end, we
assessed the effect of two widely used protein synthesis inhibitors,
anisomycin and cycloheximide, which block protein synthesis by
distinct mechanisms, to confirm that the results were specifically
related to protein synthesis inhibition and not to unspecific ef-
fects. As detailed below, both inhibitors produced similar
outcomes.

Rats were conditioned to morphine or vehicle once a day for
4 d, and at the end of a 4 d conditioning session, one-half of the
morphine-conditioned rats received a single subcutaneous dose
of anisomycin or cycloheximide, whereas the other half received
vehicle solution. CPP was tested 24 h later. To determine whether
the effect was stable, the animals were retested 1 week later.

The test at 24 h showed that both inhibitors completely
blocked mCPP (Fig. 1A). A one-way ANOVA that compared the
CPP scores across vehicle, morphine, and morphine-with-
inhibitor-injected groups revealed that there was a significant
group effect (F(, ) = 7.6; p < 0.01). A Newman—Keul post hoc
test showed that morphine-conditioned animals treated with
anisomycin or cycloheximide had a significantly lower condi-
tioning score (280.1 = 17.5 s; p < 0.01) compared with
morphine-conditioned, vehicle-injected controls (390.3 =
31.5 s). Moreover, their postconditioning score was not signifi-
cantly different from that of the vehicle-conditioned animals
(262.0 = 73.8 s) or their preconditioning score (243.3 * 36.5s).
Because both anisomycin and cycloheximide produced a similar
effect, the CPP scores of the two groups were combined. When
the same animals were retested 1 week later, they showed a par-
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Figure1.  Protein synthesis is required for the induction of mCPP. A-(, Values are expressed
as mean = SEM time spent in the drug-conditioned chamber. *p << 0.05; **p < 0.01. 4,
Groups of rats were conditioned for 4 d to either vehicle (n = 8; white bars) or morphine (n =
15). At the end of conditioning, the morphine-conditioned rats were injected subcutaneously
with either vehicle (n = 8; gray bars) or inhibitor (n = 7, of which n = 4 with cycloheximide
and n = 3 with anisomycin; black bars). All rats were tested 24 h and 1 week later. B, Rats
received daily administration of either cycloheximide (n = 8; black bars) or vehicle (n = 8;
white bars) immediately after each conditioning session. CPP was tested 24 h, 1 week, and 4
weeks later. C, Rats were conditioned to vehicle instead of morphine and administered cyclo-
heximide (n = 9; black bars) or vehicle (n = 11; white bars) immediately after each condition-
ing session. CPP was tested after 24 h. VE or Ve, Vehicle; MORP or morp, morphine; w, week;
Post-cond., postconditioning; Cy, cycloheximide.
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tial, but significant, recovery of the place preference (358.9 =
28.0 s; p < 0.05; t test) compared with their 24 h conditioning
score (Fig. 1 A). This suggested that inhibition of protein synthe-
sis at the end of conditioning impaired CPP only transiently.

One possible explanation for this recovery is that a single dose
of inhibitor does not completely block the protein synthesis
(Flood et al., 1975) required for CPP consolidation. If this is the
case, a partial inhibition might only delay but not sufficiently
disrupt the consolidation process. A similar hypothesis has been
proposed by Lattal and Abel (2004) to explain transient effects of
protein synthesis on contextual fear conditioning memory re-
consolidation. A second possibility is that each conditioning
event induces a protein synthesis-dependent phase and that
blocking protein synthesis only during the last day of condition-
ing is not sufficient to disrupt the consolidation of mCPP.

We first tested whether a more extended inhibition of protein
synthesis at the end of the 4 d conditioning results in a persistent
blockade of mCPP. Groups of rats were conditioned as described
above but received two injections of cycloheximide, one imme-
diately after the last conditioning session and the second 5 h later.
In parallel, the rates of protein synthesis inhibition, over time,
after a single or double injection were established. Rats were in-
jected with **S-methionine and divided into two groups: one was
challenged by one injection of either cycloheximide or vehicle
solution, whereas the other received two injections of the each
solution. The single injection and the first of the two injections
were administered immediately after the *°S-methionine; the
second injection was applied 5 h after the first. The groups that
received one injection were divided into two subgroups: one was
killed 1 h after injection (n = 4 per group) and the other at 6 h
after injection (n = 4 per group). The groups that received two
injections were killed 6 h after the first injection (n = 4 per
group). The rat brains were dissected and homogenized. TCA
precipitates of these homogenates were used to determine the
amount of protein synthesis inhibition, as described in Materials
and Methods. One hour after a single injection, 70% of protein
synthesis was inhibited, whereas 6 h after a single injection, only
23% of protein synthesis was blocked. With the double injection,
the rate of protein synthesis inhibition at 6 h was maintained at
71%. Similar degrees of protein synthesis inhibition have been
described previously (Flood et al., 1977, 1978).

When we applied the double injection protocol, which led to a
more extended inhibition of protein synthesis at the end of con-
ditioning, the behavioral results were similar to those found after
a single injection; CPP was significantly inhibited at 24 h but
recovered 1 week later (data not shown).

We then tested the second hypothesis outlined above by mea-
suring the effect of blocking protein synthesis after each daily
conditioning. Groups of rats were injected with one dose of either
cycloheximide or vehicle every day at the end of each condition-
ing trial and tested 24 h, 1 week, and 4 weeks later. As depicted in
Figure 1B, a two-way ANOVA that compared the mCPP score
across treatment and test revealed a significant effect of treatment
(F, 4> = 15.58; p < 0.05) and a significant treatment-by-test in-
teraction (F,,, = 4.29; p < 0.001). Bonferroni’s post hoc test
showed that cycloheximide significantly inhibited mCPP at the
24 h test (cycloheximide, 226.6 = 47.2 s; vehicle, 410.9 = 36.3 s;
p < 0.01). This inhibition persisted at 1 week (254.8 = 32.8 and
429.4 * 33.1 s, respectively; p < 0.01) and 4 weeks after condi-
tioning (243.3 £ 21.8 and 416.8 = 31.4 5, respectively; p < 0.01)
(Fig. 1 B). Thus, blocking protein synthesis after each condition-
ing session persistently disrupts the consolidation of mCPP.

To exclude the possibility that systemically injected protein
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synthesis inhibitors cause nonspecific behavioral effects, we
tested the CPP scores of rats that underwent 4 d conditioning
with vehicle instead of morphine and received either cyclohexi-
mide or vehicle injection immediately after each vehicle condi-
tioning. CPP was tested 24 h later. As depicted in Figure 1C and
revealed by Student’s ¢ test, no significant difference was found
between vehicle- and cycloheximide-treated animals after vehicle
conditioning (240.3 * 42.8 and 301.7 £ 50.4 s, respectively).
These CPP scores were similar to their preconditioning scores
(265.6 = 38.7 and 247.1 * 28.5 s, respectively). We concluded
that cycloheximide per se does not cause any change in place
preference.

Some authors indicate that one concern regarding a disruptive
effect on CPP is the potential confounding influence of novelty-
seeking behavior on the test day (Bardo and Bevins, 2000). Our
results depicted in Figure 1C show that no effects of novelty were
seen in the place conditioning paradigm used. Indeed, vehicle-
conditioned rats did not change their place preference in favor of
the novel context on the test day, because the preference that the
animals showed on the test day remained similar to the sponta-
neous preference recorded during the preconditioning test. Fur-
thermore, the additional treatment with the protein synthesis
inhibitor cycloheximide also did not affect their place preference.

Reactivation with a conditioning trial but not with contextual
recall destabilizes an established mCPP

We then asked whether mCPP becomes labile if the rats recall this
memory by being re-exposed to the conditioning context. As
shown in Figure 2 A, groups of rats were conditioned for 4 d. One
week after the end of conditioning, the rats were tested for mCPP.
This test recalled the experience (test 1) or, in other words, reac-
tivated mCPP. Immediately after test 1, one-half of the rats re-
ceived an injection of cycloheximide or anisomycin and the other
half was injected with vehicle. We then retested the animals 24 h
later (test 2). We found no change between the mCPP scores at
test 2 compared with their test 1 preference; in fact, all rats main-
tained a strong preference for the conditioned side. Moreover,
the mCPP of anisomycin- or cycloheximide-injected rats were
similar to that of vehicle-injected controls (test 1: vehicle, 394.4 *
42.6 s; inhibitor, 387.8 & 25.8 s; Test 2: vehicle, 413.3 = 359 s;
inhibitor, 425.9 * 25.3 s). Because both cycloheximide and ani-
somycin had similar effects, their scores were combined.

Although no disruption (not even a transient one) of mCPP
was observed after a single injection of protein synthesis inhibitor
after contextual recall, in line with the hypothesis described
above, we tested the effect of blocking protein synthesis for a
more extended period of time. As shown in Figure 2 B, groups of
rats were treated as above but received two subcutaneous injec-
tions of cycloheximide, one immediately after contextual recall
(test 1) and the second 5 h later. When the animals were retested
24 h later (test 2), again no effect of the treatment was observed,
and all rats maintained a strong preference for the conditioned
side (test 1: vehicle, 436.4 = 24.9 s; cycloheximide, 403.5 = 32.3 s;
test 2: vehicle, 428.7 = 27.4 s; cycloheximide, 393.4 * 45.6 s).

These data showed that, unlike other types of contextual
memories (Nader et al., 2000; Sara, 2000; Dudai and Eisenberg,
2004; Alberini, 2005), mCPP does not become sensitive to pro-
tein synthesis inhibitors after contextual recall.

Because the drug may serve as an internal reinforcer, we then
hypothesized that mCPP may become labile if the associations
formed between the effects of the drug and the context were
reactivated. Thus, we tested the effect of protein synthesis inhib-
itors on mCPP after the re-experience of a single reinforced trial
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Figure 2.  Protein synthesis inhibitors administered after contextual reactivation do not af-
fect the stability of mCPP. All values are expressed as mean = SEM time spent in the drug-
conditioned chamber. A, Rats were conditioned to morphine and tested after 1 week (test 1) to
reactivate mCPP. Immediately after test 1, one-half of the rats received one injection of cyclo-
heximide or anisomycin (inhibitor; n = 8, of which n = 4 with cycloheximide and n = 4 with
anisomycin; black bars), and the other half of vehicle solution (n = 7; white bars). When
retested 24 h later (test 2), all rats maintained their mCPP scores. B, Rats were conditioned and
tested as described in A. Immediately after test 1, rats received two injections of either cyclo-
heximide (CyX2; n = 8) orvehicle (VeX2;n = 7), 5 h apart. When retested 24 h later (test 2), all
rats maintained their mCPP scores. MORP, Morphine; w, week; Ve, vehicle.

(i.e., a conditioning session). As depicted in Figure 34, rats were
conditioned to morphine for 4 d and, 1 week later, underwent
one conditioning session. Immediately after this session, one-half
of the animals received a systemic injection of inhibitor (cyclo-
heximide or anisomycin) and the other half received vehicle. All
animals were then retested 24 h and 1 week later. A two-way
ANOVA, which compared the CPP scores of the two groups
across treatment and test, revealed a significant effect of treat-
ment (F(; 44) = 11.97; p <0.01) and test (F, 45, = 5.42;p < 0.01).
Bonferroni’s post hoc test showed that the inhibitor caused a sig-
nificant disruption of mCPP at 24 h after reconditioning (inhib-
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itor, 261.5 = 33.9 s; vehicle, 461.6 = 42.5s;
p < 0.01), but this disruption did not per-
sist 1 week later (inhibitor, 365.4 & 45.1 s;
vehicle, 442.3 = 29.1 s) (Fig. 3A).
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tion, we tested whether blocking protein
synthesis for a more extended period of
time after the re-experience of a single
conditioning session results in a sustained
disruption of mCPP. As depicted in Figure
3B, groups of rats were treated as above but
received two injections of either cyclohex-
imide or vehicle, one immediately after the
re-experience of a conditioning session
and the second 5 h later. As described
above, this double injection of cyclohexi-
mide blocks 70% of protein synthesis for at
least 6 h. Results showed that this cyclo-
heximide treatment after the re-
experience of the conditioning session
completely and persistently blocked
mCPP (cycloheximide: 24 h, 264.1 *
13.3 s; 1 week, 239.9 = 34.4 s; 2 weeks,
270.1 £ 27.2 s; 4 weeks, 278.4 = 32.5s;
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vehicle: 24 h, 396.5 = 26.7 s; 1 week,
416.8 = 26.8 s; 2 weeks, 432.2 = 27.6 s; 4
weeks, 432.5 £ 29.6 s). A two-way
ANOVA, which compared the CPP scores
of the two groups across treatment and
test, revealed a significant effect of treat-
ment (F, o5 = 49.04; p < 0.0001), test
(Fa05) = 2.69; p < 0.05), and a treatment-
by-test interaction (Fi, 45 = 3.26; p <
0.05). Bonferroni’s post hoc test showed
that cycloheximide significantly and per-
sistently disrupted CPP (p < 0.001 for
24 h, 1 week, 2 weeks; p < 0.01 for 4 weeks)
compared with vehicle treatment. More-
over, at all time points of testing, the CPP
scores of cycloheximide-treated rats were
similar to their preconditioning score
(273.7 = 30.6 ).

To exclude that the disruption of mCPP
by cycloheximide reflects an avoidance of the
conditioning context induced, for example,
by malaise caused by the treatment, groups
of rats were tested for their preconditioning
preference and the following day condi-
tioned with morphine in the spontaneously
preferred context. We chose to condition the
animals in the spontaneously preferred context to exclude any con-
found caused by their natural avoidance. Immediately after condi-
tioning, one-half of the rats received a subcutaneous double injec-
tion of cycloheximide, whereas the other half received vehicle. As
depicted in Figure 3C, the test at 24 h showed that cycloheximide-
injected rats had mCPP scores similar to those of vehicle-injected
rats. These scores were also similar to their respective precondition-
ing scores (before conditioning: cycloheximide, 413.9 * 25.6 s; ve-
hicle, 376.6 * 16.2 s; after conditioning: cycloheximide, 411.3 =
33.0s; vehicle, 367.0 = 18.2 s). This showed that morphine followed
by a prolonged inhibition of protein synthesis does not cause avoid-
ance of the conditioned context.

Finally, to determine whether the blocking effect of the inhib-
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An established mCPP is disrupted by protein synthesis inhibitors administered after a single conditioning session.
A-D, Values are expressed as mean = SEM time spent n the drug-conditioned chamber. **p << 0.01; ***p << 0.001. A, Rats were
conditioned to morphine and 1 week later received one additional conditioning session (1X CONDITIONING). Immediately after,
one-half of the animals were injected with cycloheximide or anisomycin (inhibitors; n = 10, of which n = 6 with cycloheximide
and n = 4 with anisomycin; black bars), and the other half were injected with vehicle (n = 8; white bars). Rats were tested 24 h
and 1 week later (Post-1X cond.). B, Animals were conditioned and 1 week later received one additional conditioning (1X
CONDITIONING) as described in 4, followed by two injections of cycloheximide (CyX2; n = 10; n = 7in 4 week test; black bars) or
vehicle (VeX2; n = 11; white bars) 5 h apart. Rats were tested 24 h and 1, 2, and 4 weeks later. C, Rats received one morphine
conditioning in the spontaneously preferred context followed by two injections of either cycloheximide (CyX2; black bars; n = 8)
or vehicle (VeX2; white bars; n = 8) and were tested 24 h later. D, The conditioning context was omitted. Rats were conditioned
for4dand 1 week later received one morphine treatment in their home cage. Thirty minutes later, they received two injections of
either cycloheximide (CyX2; black bars; n = 13) or vehicle (VeX2; white bars; n = 12). (PP was tested 24 h after injection. MORP,

itors on mCPP after reactivation by conditioning was context
dependent, the conditioning context was omitted. Rats were con-
ditioned for 4 d and 1 week later received an injection of mor-
phine in their home cage, followed by a double injection of either
cycloheximide or vehicle 30 min later. As shown in Figure 3D,
testing at 24 h showed that cycloheximide did not decrease mCPP
(before conditioning, 271.5 * 24.8 s; after conditioning, 364.8 *
16.4 s) compared with vehicle-injected controls (before condi-
tioning, 284.0 = 28.1 s; after conditioning, 404.8 * 24.8 s). These
results show that, once consolidated, CPP does not become labile
after the re-experience of the drug in a different context. The
same results were obtained using another alternative context,
which consisted of a smooth and clear plastic box (width, 18.9
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Figure4. A-D, Photomicrographs of representative cannula placements and schematic representations of anisomycin injec-
tion sites in HC (4), BLA (B), NAc (), and VTA (D) at the indicated rostrocaudal planes. The numbers represent the posterior (—)
oranterior (+) coordinate from bregma (in millimeters) according to Paxinos and Watson (1998). Injection sites are represented

by black stars.

cm; length, 29.7 cm; height, 12.8 cm) with an opaque lid placed in
a different room, for the reactivation by conditioning (data not
shown).

Together, these data led us to conclude that an established
mCPP can be persistently disrupted by inhibiting protein synthe-
sis after the concomitant reactivation of both the contextual cues
and the experience of the drug.

An established mCPP is disrupted by inhibition of protein
synthesis in the HC, BLA, or NAg, but not in the

VTA, after the re-experience of a conditioning trial

To determine in which brain regions protein synthesis is required
to maintain or reconsolidate an established mCPP reactivated by
areinforced trial, we tested the effect of blocking protein synthe-
sis in selected brain areas. We targeted the HC, BLA, NAc, and
VTA, which are known to mediate drug addiction and/or mem-
ory formation (Tzschentke, 1998; McGaugh, 2004). Whereas the
HC and BLA are required for spatial- and contextual-emotional

Basolateral Amygdala

Ventral Tegmental Area
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associative types of memories (Ambrogi-
Lorenzini et al., 1995; McGaugh, 2004;
Richter-Levin, 2004), the NAc and VTA
are part of the mesolimbic dopaminergic
circuit, which mediates drug reward.
Moreover, the HC, BLA, and NAc have all
been found to play a critical role in both
memory and addiction (Ambrogi-
Lorenzini et al., 1999; Fuchs et al., 2000; Di
Chiara, 2002; Meyers et al., 2003), and, in-
terestingly, the NAc seems to represent a
site of convergence, because it receives di-
rect projection from both HC and BLA
(Groenewegen et al., 1987; Wright et al,,
1996). Finally, the VTA, an area of synaptic
plasticity for drug addiction (Kauer,
2004), is critical for the induction of mCPP
and for behavioral sensitization to drugs of
abuse (Kalivas and Weber, 1988; Vezina
and Stewart, 1990; Harris et al., 2004).

Rats were bilaterally implanted with
cannulas targeting HC, BLA, NAc, or
VTA. After recovering from surgery, rats
were pretested, conditioned for 4 d, and, a
week later, received a reinforced trial as de-
scribed above. Immediately after this ses-
sion, animals were injected with either ani-
somycin or vehicle into the area of interest
and tested for mCPP 24 h and 1 week later.
Results showed that the HC, BLA, or NAc
injections of anisomycin completely and
persistently disrupted mCPP, whereas the
same treatment in the VTA had no effect.
Parallel experiments determined the rate
of protein synthesis inhibition by a local
injection of anisomycin. We investigated
this in the HC, and **S-methionine incor-
poration revealed that, 1 h after injection
of 1 ul of anisomycin at 125 ug/pl (see
Materials and Methods), protein synthesis
was blocked by 82% compared with vehi-
cle injection. This inhibition was main-
tained at 6 h after injection (85%), suggest-
ing that new protein synthesis is strongly
inhibited for an extended period of time.

Figure 4 shows the locations of injections targeting HC (Fig.
4A), BLA (Fig. 4B), NAc (Fig. 4C), and VTA (Fig. 4D) and ex-
amples of the injection sites. Specifically, the injections mainly
targeted the dorsal HC, the BLA, the NAc core, and the anterior
VTA. Figure 5A depicts the results obtained with HC injections. A
two-way ANOVA, which compared CPP scores across treatment
and test, revealed a significant effect of treatment (F; 55, = 146.9;
P < 0.0001), test (F(; 55, = 14.5; p < 0.0001), and a treatment-
by-test interaction (F(; 55y = 15.4; p < 0.0001). Bonferroni’s post
hoc test showed that hippocampal inhibition of protein synthesis
caused a significant decrease of mCPP when tested at both 24 h
(vehicle, 421.4 * 20.7 s; anisomycin, 284.4 * 42.8 s; p < 0.001)
and 1 week (vehicle, 428. 6 * 18.9 s; anisomycin, 294.4 = 42.1 s;
p < 0.001) after the re-experience of a conditioning trial.

Is this memory deficit reflecting a suppression of the mCPP?
The amnesia induced by the disruption of an established memory
could be the result of a temporary suppression of the memory
(Judge and Quartermain, 1982; Riccio and Richardson, 1984;
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Anokhin et al., 2002; Lattal and Abel,
2004). For example, amnesia induced by
electroconvulsive shock after retrieval of a
memory is restored by administration of a
reminder shock (Miller and Kraus, 1977).
Recently, Fischer et al. (2004) showed that
the amnesia caused by inhibition of pro-
tein synthesis after contextual fear condi-
tioning reactivation is not because of a per-
manent memory loss because, in fact, a
subsequent exposure to a reminder shock
fully reinstates the original memory. We
therefore tested whether, similar to these
memories, the disruption of mCPP caused
by protein synthesis inhibition after the re-
experience of a conditioning trial is caused
by suppression of the response and
whether mCPP re-emerges after condi-
tioning reminders. The rats that under-
went hippocampal anisomycin injection
after the re-experience of a conditioning
trial received another conditioning session
1 d after the 1 week test. This session acted
as a strong reminder (reminder condition-
ing). When tested 24 h later, mCPP re-
mained  completely  abolished in
anisomycin-treated rats (vehicle, 424.3 *+
19.5 s; anisomycin, 298.9 = 41.7 s). Bon-
ferroni’s post hoc test confirmed that there
was no significant change between the
mCPP scores before or after the reminder
conditioning (Fig. 5A).

Similar results were found when the
BLA was targeted. A two-way ANOVA,
which compared CPP scores across treat-
ment and test, revealed a significant effect
of drug treatment (F, 4,y = 905.0; p <
0.0001), test (Fps ) = 72.12; p < 0.0001),
and test-by-treatment interaction (F; g7, =
85.51; p < 0.0001). Bonferroni’s post hoc
test showed that BLA inhibition of protein
synthesis caused a significant disruption of
mCPP when tested both 24 h (vehicle,
381.6 * 28.7 s; anisomycin, 219.2 = 28.0's;
p < 0.001) and 1 week (vehicle, 430. 7 =
32.9 s; anisomycin, 196.0 * 232 s; p <
0.001) after the re-experience of a condi-
tioning trial. Moreover, Bonferroni’s post
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Figure5. Inhibition of protein synthesis in the HC, BLA, or NA, but not in the VTA, after conditioning, disrupts an established
mCPP. Rats were conditioned to morphine and 1 week later received a single conditioning session (1> CONDITIONING). Imme-
diately after, one-half of the animals were injected bilaterally into the targeted area with anisomycin (black bars) and the other
half with vehicle (white bars). Rats were tested 24 h later and, if an effect was evident, retested 1 week later (1w Test). For the
experiments in HC, BLA, and NAc, 1 d after the 1 week test, rats were again conditioned to morphine (1< CONDITIONING) and,
finally, retested the next day (final test). Values are expressed as mean == SEM time spent in the drug-conditioned chamber.
**p < 0.01;*** p < 0.001. A, HC, Bar graphs representing the CPP scores of vehicle-injected (n = 8) and anisomycin-injected
(n = 8) groups of rats. Pretest, 24 h, 1 week, and final test scores are shown. B, BLA, Bar graphs representing the CPP scores of
vehicle-injected [n = 14, except final test (n = 11)] and anisomycin-injected (n = 11,n = 10in 1 week and final tests) groups
of rats. Pretest, 24 h, 1 week, and final test scores are shown. €, NAc, Bar graphs representing the CPP scores of vehicle-injected
(n = 15) and anisomycin-injected (n = 14) groups of rats. Pretest, 24 h, T week, and final test scores are shown (Ve, n = 8; Ani,
n = 8).D,VITA, Bar graphs representing the CPP scores of vehicle-injected (n = 7) and anisomycin-injected (n = 7) groups of rats.
Pretest and 24 h test scores are shown. MORP COND., Morphine conditioning; Ani, anisomycin; Ve, vehicle; Post-1X cond., 1 week
after conditioning; Pre-cond., preconditioning.

hoc test confirmed that, similar to the HC-injected rats, BLA-
injected animals had no significant recovery of mCPP after a
reminder conditioning (vehicle, 485. 5 = 26.4 s; anisomycin,
215.9 % 30.3 s) (Fig. 5B).

NAc experiments also showed similar outcomes. A two-way
ANOVA that compared CPP scores across treatment and test
revealed a significant effect of treatment (F, o5y = 206.6; p <
0.0001), test (F3 95, = 26.8; p < 0.0001), and test-by-treatment
interaction (F; o5y = 28.0; p < 0.0001). Bonferroni’s post hoc test
revealed that inhibition of protein synthesis in NAc caused a
significant disruption of mCPP when tested both 24 h (vehicle,
385.8 £ 24.3 s;anisomycin, 275.3 * 26.1 s; p < 0.001) and 1 week
(vehicle, 385.9 £ 30.3 s; anisomycin, 260.3 £ 30.1 s; p < 0.001)
after the re-experience of a conditioning trial. Moreover, similar
to the HC- and BLA-injected rats, animals injected with

anisomycin into the NAc did not regain the preference for the
conditioning side after the reminder conditioning. Bonferroni’s
post hoc test confirmed that there was no significant change be-
tween the CPP scores before or after the reminder conditioning
(vehicle, 391.9 = 47.2 s; anisomycin, 255.4 * 35.0 s; p < 0.001)
(Fig. 5C).

In contrast, when anisomycin was injected into the VTA, no
effect on mCPP was observed. A two-way ANOVA comparing
the groups across treatment and test revealed no significant dif-
ference for either factor. In fact, both groups performed similarly
and had strong mCPP for the conditioning side when tested 24 h
after re-experiencing the conditioning trial (vehicle, 426.0 =+
36.9 s; anisomycin, 396.3 * 45.6 s) (Fig. 5D). As expected, the
mCPPs of both groups of conditioned rats were significantly
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higher than their preconditioning scores (vehicle, 299.1 * 63.0's;
anisomycin, 268.6 * 49.4 s; p < 0.01 for both groups; ¢ test).

Together, these results demonstrated that protein synthesis in
the HC, BLA, or NAg, but not in the VTA, is required for main-
taining or reconsolidating CPP after the re-experience of a con-
ditioning trial.

Discussion

Our results show that both a new and an established mCPP can be
persistently disrupted by inhibiting protein synthesis either dur-
ing conditioning or after the re-experience of a conditioning trial,
respectively. Specifically, with an established mCPP, a reinforced
trial but not contextual recall or morphine treatment alone in-
duces a protein synthesis-dependent reconsolidation process.
Brain regions in which protein synthesis is required for this re-
consolidation include the HC, BLA, or NAc but not the VTA.
Notably, the disruption evoked by the protein synthesis inhibi-
tors in HC, BLA, and NAc is persistent, because mCPP is not
reinstated by further conditioning.

These results have important clinical implications, because
they indicate that it is possible to persistently disrupt established
memories induced by drugs of abuse by interfering with the re-
consolidation process.

Different types of memory reactivation

Previous studies have shown that several types of memories, in-
cluding spatial, fear-conditioning, and appetitive memories, can
be disrupted by blocking protein synthesis after their reactivation
(Nader et al., 2000; Sara, 2000; Dudai and Eisenberg, 2004; Al-
berini, 2005). Here, we provide evidence that, in addition to these
more conventional types of memories, associative memories in-
duced by a drug of abuse can become labile and be disrupted by
protein synthesis inhibitors after their reactivation. In our exper-
iments, reactivation required the re-experience of a conditioning
session and did not occur after contextual or drug exposure
alone.

Recently, two studies have suggested similar conclusions (Lee
etal., 2005; Miller and Marshall 2005). However, Miller and Mar-
shall (2005) found that cocaine-induced CPP (COC-CPP) is dis-
rupted by MEK (mitogen-activated protein kinase kinase) inhib-
itors injected into the core of the NAc after contextual recall
alone. Several reasons may explain the differences between these
results and ours. First, they used MEK inhibitors, which block a
post-translational regulation event, whereas we investigated the
requirement for protein synthesis. Indeed, in addition to influ-
encing the activity of transcription and translation, ERK (extra-
cellular signal-regulated kinase) activation affects membrane
electrical properties and receptor activation via post-
translational modifications (Sweatt, 2004). Second, both MEK
inhibitors blocked COC-CPP memory retrieval, whereas protein
synthesis inhibitors generally fail in this respect but inhibit the
consolidation phase of memory (Davis and Squire, 1984). Fur-
thermore, it is not clear whether MEK inhibitors injected into the
NAc have a transient effect (like protein synthesis inhibitors) or
cause a persistent biochemical inhibition. In fact, the levels of
proteins (pErk, pCREB, pELK-1, and Fos) investigated by Miller
and Marshall to monitor the effect of the MEK inhibitors were
reported to be extremely low, and it is unknown whether these
levels were below the control values. Notably, our data are in
agreement with previous findings by Hernandez and Kelley
(2004), who reported that reactivation by the conditioned stim-
ulus (CS) alone of a well learned appetitive memory (lever-
pressing task) was not impaired by the systemic administration of
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protein synthesis inhibitors. Finally, we cannot exclude that the
discrepancy between the findings of Miller and Marshall and ours
are attributable to differences in behavioral protocols (e.g., drugs
used, number of conditioning trials, time elapsing between initial
conditioning and reactivation, systemic vs intra-NAc core injec-
tions, etc.). Lee et al. (2005) showed that knocking down the
expression of the transcription factor Zif268 after the reactivation
of a cocaine-induced memory (nose-poke response paired with a
light CS) by a CS presentation disrupted the acquisition of a new
instrumental drug-seeking behavioral response (active lever
pressing). Because the behavioral tasks used in this investigation
are very different from ours, a comparison between the two stud-
ies is impractical. Moreover, this paradigm showed a CS
reactivation-dependent disruption of the acquisition of a new
response and not on the reconsolidation of the original
association.

In conclusion, the works of both Miller and Marshall (2005)
and Lee et al. (2005) indicate that it is possible to disrupt drug-
induced associative memories by applying interfering treatments
after the presentation of a CS alone. However, our studies show
that, at least under certain conditions, the disruption of the pro-
tein synthesis-dependent phase underlying reconsolidation can
be more efficiently obtained by the re-experience of a reinforced
trial than by exposure to the CS alone.

In agreement with previous reports (Mactutus et al., 1979;
Richardson et al., 1982; Sara, 2000; Duvarci and Nader, 2004;
Eisenberg and Dudai, 2004; Inda et al., 2005), our results also
demonstrate that a reinforced trial, in addition to a CS or US
alone, can reactivate a memory trace and make it labile again.
One may argue that the exposure to one conditioning trial leads
to new learning. This hypothesis, however, posits that only the
new learning should be blocked during reactivation and should
spare the original conditioning. In contrast, our results, in agree-
ment with previous studies (Duvarci and Nader, 2004), show that
the administration of protein synthesis inhibitors after one rein-
forced trial completely blocks the original memory, suggesting
that the trace created by the original learning has become labile.

Although, in our experiments, contextual reactivation alone
was unable to destabilize mCPP, even when protein synthesis was
substantially blocked for >6 h, we cannot exclude that, with
other induction and reactivation protocols, mCPP may become
sensitive to protein synthesis inhibitors after exposure to CS
alone. Previous work on memory reconsolidation indicates that
the strength of training and reactivation correlate with the degree
of memory stability after reactivation. Suzuki et al. (2004)
showed that both weaker memories and those that undergo
stronger reactivations are more susceptible to becoming labile.
Moreover, the degree of protein synthesis requirement may
change according to the nature of the reactivation. For example,
in agreement with our results on mCPP, Bozon et al. (2003)
reported that an object recognition memory does not become
labile after the exposure of the contextual information or the
previously presented objects in a different context. Similar results
had been found by DeVietti and Holliday with electroconvulsive
shock (DeVietti and Holliday, 1972). Hence, the strength of ini-
tial learning and the strength, nature, and number of reactivation
events all contribute to the degree of memory destabilization.

The reason why contextual reactivation or morphine treat-
ment alone does not disrupt mCPP is unclear. One possibility is
that conditioning reactivates a larger representation of the trace.
Alternatively, reactivation by conditioning may be effective be-
cause the context—drug associations play a major role in the pro-
tein synthesis-dependent phase of reconsolidation. Another pos-
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sibility is that contextual reactivation alone may induce
extinction, which, if blocked by protein synthesis inhibitors, re-
sults in the preservation of the preference. This latter hypothesis
is consistent with several findings showing that extinction of sev-
eral types of memories, including CPP, is blocked if protein syn-
thesis inhibitors are administered after the extinction trial (Ber-
man and Dudai, 2001; Eisenberg et al., 2003; Sangha et al., 2003;
Vianna et al., 2003; Fischer et al., 2004) (but see Lattal and Abel,
2001; Lien et al., 2004). Finally, another often discussed issue with
CPP deficits is that they may result from effects of state depen-
dence. Our results argue against the possibility that the impair-
ment produced by protein synthesis inhibitors is because of a
state dependence. In fact, systemic administration of protein syn-
thesis inhibitors at the end of the 4 d conditioning period impairs
mCPP at 24 h, but memory returns at 1 week. If the impairment
was caused by the effect of a state induced by the protein synthesis
inhibitor and/or morphine, then memory would not re-emerge.

The importance of the extent of protein synthesis inhibition
A persistent disruption of mCPP after reactivation by condition-
ing requires that protein synthesis is inhibited for a sufficiently
long period of time. These results are in agreement with previous
studies using systemic or local injections of protein synthesis in-
hibitors (Flood et al., 1975, 1977, 1978; Kesner et al., 1981; Rosen-
blum et al., 1993).

Our findings may provide an explanation for previous con-
flicting results on memory consolidation and reconsolidation, in
which, in some cases, the amnesia produced by protein synthesis
inhibitors appeared to be transient (Flexner et al., 1966; Roberts
and Flexner, 1969; Judge and Quartermain, 1982; Anokhin et al.,
2002; Lattal and Abel, 2004). It is possible that in these cases, the
synthesis of proteins essential for the memory stabilization was
blocked only transiently, and therefore memory re-emerged at a
later time.

Circuitry required for the stabilization of mCPP after
reactivation by conditioning

Given the role played by the HC, BLA, and NAc, but not the VTA,
in processing information related to context, reward, and moti-
vation, our results are not surprising. In fact, the HC is known to
process contextual associations, the BLA is critical for mediating
various forms of appetitive and aversive conditioning, and the
NAg, particularly the core, plays a central role in maintaining
cue-elicited drug-seeking behavior (Fuchs et al., 2004; Ito et al.,
2004). Moreover, the NAc represents a convergent node that
receives BLA, HC, and prefrontal cortex projections and sends
outputs to the systems that are responsible for the execution of
the behavior. Both HC and BLA projections to the NAc are im-
portant for learned association between stimuli and drug reward
and appear to be involved in cue-elicited craving (Everitt et al.,
2001). Notably, drugs of abuse have been found to induce long-
lasting synaptic changes in all these areas (Thomas et al., 2001;
Huang et al., 2003; Thompson et al., 2004).

On the other hand, the inability of anisomycin to disrupt
mCPP when injected into the VT'A demonstrates that the effect of
protein synthesis inhibitors is selective for certain regions and not
others. Consistent with previous evidence (Wolf, 1998; Vander-
schuren and Kalivas, 2000; Everitt and Wolf, 2002), one explana-
tion for VTA dispensability during reconsolidation is that the
VTA is involved in the induction of a drug-conditioned behavior
but not during its maintenance. This was argued also by Borgland
et al. (2004), who, using behavioral sensitization, reported that
the cocaine-induced synaptic plasticity at VTA excitatory syn-
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apses is transient. These authors suggested that the locus of the
critical plasticity induced during cocaine sensitization shifts from
its initiation site in the VTA (Wolf, 1998; Everitt and Wolf, 2002)
to its sites of maintenance, one of which is believed to be the NAc
(Wolf, 1998; Vanderschuren and Kalivas, 2000).

An anatomical shift may also explain why, in our study, pro-
tein synthesis inhibitors administered after the single condition-
ing event, 1 week after the end of conditioning, results in a per-
manent disruption of mCPP, whereas the same treatment applied
on the last day of the 4 d conditioning protocol (induction phase)
produces no stable effect. Perhaps, protein synthesis in the VT A is
involved during the 4 d conditioning but not recruited 1 week
later after a single conditioning event. If this is true, blocking
protein synthesis during either the initial conditioning phase or
at later times during mCPP maintenance would affect differen-
tially activated circuits and therefore produce different effects.

Notably, because our injection site mainly targeted the dorsal
HC, the BLA, the NAc core, and the anterior VTA, it should be
kept in mind that targeting other subregions of HC, amygdala,
NAc, and VTA may produce a different outcome. Identifying in
more detail the circuitry (subregions and neuronal subpopula-
tions) that underlies the mCPP reconsolidation process will be an
important addition.

Reactivation and the question of persistence

Our results indicate that the disruption of mCPP by protein syn-
thesis inhibitors after reactivation by conditioning is persistent.
In fact, mCPP does not recover over time nor reinstate with fur-
ther conditioning. Although we cannot exclude that more vigor-
ous rescuing methods may recover the memory, our results imply
that it is the synthesis of key proteins after reactivation by condi-
tioning that mediates the reconsolidation of mCPP. These results
have important clinical implications, because they show that
memories induced by drugs of abuse can be persistently
disrupted.

In conclusion, a combination of both behavioral and pharma-
cological interventions that target newly synthesized proteins
may be used for developing novel treatments for weakening
memories induced by drugs of abuse and subsequently reducing
the risk of withdrawal and relapse.
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