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bstract

Protein synthesis inhibitors block consolidation of memory and may also block the reconsolidation of a reactivated memory in paradigms of
versive learning, but the evidence for reconsolidation effects is conflicting in appetitive paradigms. We now report that intra-cerebroventricular
ICV) anisomycin (400 �g) prevents consolidation of morphine-induced place preference (CPP), but does not impair its reconsolidation unless the
eactivation procedure associates anisomycin with the morphine context. Rats were injected alternately with morphine (5 mg/kg, IP) or vehicle,
nd confined to one of two distinctive compartments in a three compartment apparatus. On a subsequent day rats were allowed to choose the
ompartment they preferred in a 20 min test session. In the first experiment, rats that were injected with vehicle or with anisomycin before or 3 h
fter training sessions, developed a CPP. However, rats that received anisomycin ICV immediately after training sessions did not develop a CPP. In
xperiment 2, rats received no ICV injections during initial training. Once a CPP was established, they received four additional training sessions on
hich they received vehicle or anisomycin ICV. All groups continued to prefer the morphine-paired compartment after reactivation sessions with

ehicle or anisomycin ICV. In experiment 3, ICV anisomycin was administered selectively on morphine-paired reactivation trials or saline-paired
eactivation trials and the CPP was weakened or strengthened, respectively. This suggests that associations between aversive effects of the amnestic
reatment and the morphine context might mimic disruption of reconsolidation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conditioned associations between the effects of an addictive
rug and environmental stimuli are believed to play an impor-
ant role in the maintenance of drug self-administration and the
elapse of detoxified drug addicts [1–3]. These associations are
ery resistant to extinction and to fading with time [4] and they
romote relapse after periods of abstinence [5]. If such asso-
iations could be weakened it is likely that the success rate of
herapy for addictions could be greatly improved. Recent devel-
pments in our understanding of memory suggest it may indeed
e possible to selectively weaken the impact of some memories

n behavior [6].

Memories are initially unstable and are consolidated into a
table and relatively permanent form by a process that depends
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olidation

n the synthesis of new proteins [7–10]. Once consolidated,
emories are sustained over long periods of inactivity, but they

an become labile when they are reactivated by recall and must
hen be reconsolidated [11–13]. This reconsolidation process
an be disrupted by treatments similar to those that block initial
onsolidation [6,14].

Evidence for consolidation and reconsolidation derives pri-
arily from experiments on aversive conditioning [6], but there

s evidence that initial consolidation of appetitive learning can
e blocked by treatments similar to those that block aversive
onditioning. Cervo et al. [15] demonstrated that post-training
ntra-cerebroventricular (ICV) infusions of inhibitors of pro-
ein kinase A and protein kinase C block the consolidation
f a cocaine conditioned place preference (CPP). Likewise a
orphine-induced CPP can be blocked by a metabotropic glu-
amate receptor antagonist [16] or the CAMKII inhibitor KN-62
17].

There are now several reports that reconsolidation of a
rug-induced CPP can be blocked by amnestic agents but

mailto:keith.franklin@mcgill.ca
dx.doi.org/10.1016/j.bbr.2006.12.013
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he phenomenon has not been consistently replicated. A CPP
nduced by cocaine is reported to be blocked by post-recall
dministration of a systemic protein synthesis inhibitor [18],
r by an inhibitor of extracellular signal related kinase/mitogen
ctivated protein kinase (MEK) administered either systemically
re-recall [18], or microinjected into the nucleus accumbens
ore before or after recall [19]. However, Yim et al. found that
nisomycin microinjected into the amygdala immediately after
ecall of a morphine-induced CPP had no effect on the CPP [20].
hree different methods of memory reactivation were tried –
xposure to the two sides of the apparatus drug-free, or with
orphine or exposure to the morphine-paired side only with
orphine – and all three methods produced negative results. In

ontrast, Milekic et al. reported that anisomycin or cyclohex-
mide injected systemically, or anisomycin microinjected into
he basolateral amygdala, hippocampus or nucleus accumbens
locked reconsolidation of the morphine CPP, but only if mor-
hine was administered in the conditioning context at the time of
eactivation of the CPP [21]. This result is hard to interpret since
n unusual training procedure was used in which animals were
rained solely with morphine pairings, and did not experience
ounterbalanced saline injections in the alternate compartment.
owever, MEK inactivation with SL327 was also found to block

he CPP only if it was administered before mice were re-exposed
o morphine in the drug-paired compartment [18]. When reac-
ivation was induced in a drug-free test trial, one study found
econsolidation was blocked [19], another found that expres-
ion was blocked but not reconsolidation [18], while two other
tudies found no amnestic effect [20,21]. When the conditioning
rug was present during reactivation but the subject was exposed
o both the drug- and vehicle-paired side of the CPP apparatus,

emory was not disrupted [20]. Thus, an association between
he amnestic agent and the reinforcer seems to be important
or reconsolidation effects in drug conditioning. In contrast, the
resence of the reinforcer during reactivation is not necessary
o block reconsolidation of aversive learning [22]. One possible
nterpretation of the fact the drug UCS is critical for reconsol-
dation effects in the CPP, is that an effect of amnestic drugs
nteracts with some effect of drugs of abuse to disrupt a CPP.
rotein synthesis and MAPK are involved in many physiological
rocesses so that inhibiting them is likely to have consequences
or brain function in addition to specifically disrupting mem-
ry storage. Effects of disordered brain function are likely to be
erceived as dysphoriant, and could condition to the reinforcing
rug as a discriminative stimulus, or to the context, and thus
educe the tendency of the context to evoke approach behavior
23]. Such devaluation of a reinforcer by anisomycin has been
emonstrated in an operant learning paradigm [24].

The aim of the present study was to re-examine whether a
orphine-induced CPP is sensitive to the amnestic effects of ani-

omycin. To avoid overtraining, animals were repeatedly tested
o allow the growth of the preference to be tracked. To ensure a
eliable CPP, a mid-range dose of morphine was used (5 mg/kg)

25]. The dose of anisomycin was selected at the high end of the
cale in order to ensure that any possible amnestic effects would
e detected [26]. The first part of this study aimed to confirm
hat ICV injections of anisomycin reached the sites of appetitive

(
c
(
i
w

al Brain Research 178 (2007) 146–153 147

emory by testing their effect on consolidation of a morphine
PP. We then examined the effect of anisomycin on reconsol-

dation of a morphine CPP using two different methods. The
rst method examined whether an amnestic effect of anisomycin
as apparent when selective associations between the amnestic

gent and morphine or the morphine context were prevented by
iving anisomycin in conjunction with both conditioning con-
exts separately. The other aimed to replicate previous findings
hat anisomycin could block reconsolidation of a morphine CPP
hen given following a morphine injection in its conditioning

ontext.

. Materials and methods

.1. Animals and surgery

Subjects were male Long Evans rats (280–320 g) from Charles River, St.
onstant, Quebec, Canada, and were implanted with bilateral (stainless steel 22
A) cannulas (Plastics One, HRS Scientific, Roanoke, VA) aimed at the lateral
entricles. The anesthetic regimen was pentobarbital (35–50 mg/kg, intraperi-
oneally, IP), supplemented with ketamine (0.1 ml of l00 mg/ml, intramuscularly,
M) and xylazine (0.1 ml of 5 mg/ml, IM). Stereotaxic coordinates from bregma
ere A/P: −1.0 (Experiment 1), −0.7 (Experiments 2 and 3); M/L: ±1.5;
/V: −3.8 [27]. Tribrissen (0.1 ml of 24%, sub-cutaneously, SC) was injected
re-operatively to reduce the chance of infection. Atropine sulfate (0.1 ml of
.5 mg/ml, SC) was given as premedication. Animals were administered dipy-
one (l00 mg/kg SC) as an analgesic approximately 2 h following surgery, and
ere given a minimum of 7 days recovery before testing began. Rats were indi-
idually housed in a colony room, maintained on a 12-h light:12-h dark cycle
lights on 7 a.m.) with a constant temperature of approximately 21 ◦C, and had
ood and water available ad libitum.

.2. Apparatus

The CPP apparatus consisted of three compartments made of wood. Com-
artments A and B were identical in size (36 cm × 34 cm × 26 cm). They were
ocated side by side and had tinted plexiglass front walls. Compartment C
20 cm × 14 cm × 28 cm) was attached to the rear of compartments A and B
nd connected them via guillotine doors in the rear wall of compartments A and
. When the doors were lowered, the rat was confined to one of the larger com-
artments. When the doors were removed, the rat could move freely between
ompartments A and B via compartment C. The floor of compartment A was
ainted white and was covered with a 1.2 cm wire mesh flooring, its ceiling
as painted black and there were black and white vertical stripes on the walls.
he floor and ceiling of compartment B were painted black, with a 0.6 cm mesh
ooring and there were black and white horizontal stripes on the walls. Each

arge conditioning box contained a passive infrared motion sensor (Radioshack,
9-208A) with a 180 degree horizontal detection field, and there were light beam
ensors on the entrance of the third compartment. The sensors were connected
o a computer, which calculated the position of the animal at all times.

.3. Place conditioning procedure

During the place conditioning procedure, animals were weighed and handled
aily. Conditioning days were separated by at least 48 h to allow for drug clear-
nce between conditioning trials. Subjects were randomly assigned to groups
rior to the first session. On the first day of conditioning animals were introduced
ia box C and allowed to explore the entire apparatus for 20 min. Time spent in
ach compartment was recorded.

On each conditioning day the rat was brought to the test room, injected

IP) with morphine (or vehicle) and immediately confined to one conditioning
ompartment for 20 min. On alternate days, the rat was injected with the vehicle
or morphine), and confined for 20 min to the other compartment. The order of
njection (drug or vehicle) and the compartment paired with the drug (A or B)
as counterbalanced within each group. On test days each rat was introduced
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Table 1
Experimental design: arrows indicate that an ICV injection was given in association with the behavioral procedure it is directed at

Conditioning Consolidation Reactivation Reconsolidation

Experiment 1 Test None None

Experiment 2 MSMS Test Test (48 h and 7days)

Experiment 3 MSMSMS Test Test

In Experiment 1 (Consolidation), ICV infusions were given before (ANI or Vehicle), after (ANI) or 3 h after (ANI). In Experiment 2 (Reconsolidation), ICV infusions
V infu
er of m

2

5
i
d
a
H
A
(
(

i

2

u
s
5
i
c
w

2

i

d
w
A
a
a
e
t

3

3
c

r

were administered before (ANI), after (ANI or Vehicle) or 3 h after (ANI). IC
after the reactivation session. S, Saline; M, Morphine (5 mg/kg). Note: The ord
the first order is shown.

via box C and allowed to move freely in all three boxes for 20 min. The time
spent in each compartment was recorded. No drug injections or ICV injections
were given on test days.

2.4. Experiment 1: consolidation

In the consolidation experiment, the conditioning consisted of cycles in
which the rat was exposed to morphine in one compartment and to vehicle in the
other compartment, followed by a test session (see Table 1). On each condition-
ing day (morphine or saline), rats were given intra-cerebroventricular injections
of anisomycin bilaterally. Separate groups of rats received the ICV injections of
anisomycin immediately before, immediately after or 3 h after the conditioning
session. A fourth group received ICV injections of vehicle immediately before
conditioning as a control for the possibility that ICV injections might have aver-
sive effects that could condition to the compartment cues and reduce the size of
any preference for the morphine-paired compartment. To reduce the possibil-
ity of infection from repeated intracranial injections, rats that lost weight were
treated with an antibiotic (Tribrissen: 0.1 ml of 24%, sub-cutaneously). Tribris-
sen injections were always given more than 12 h before, or 3 h after a training
session.

2.5. Experiment 2: reconsolidation

In the reconsolidation experiment, rats first received two cycles of condition-
ing pairings (drug and vehicle) without any amnesic treatment or intervening
tests, followed by a test session to verify that a CPP was established (Table 1).
The reconsolidation phase then followed the same procedure used for consolida-
tion in Experiment 1. Rats were given two cycles of conditioning trials to serve
as reactivation sessions, where each cycle was followed by a test session. Ani-
mals therefore received an ICV injection in association with both compartments
(drug- and vehicle-paired). Separate groups of rats received ICV injections of
anisomycin immediately before, immediately after or 3 h after the conditioning
session. A fourth group received ICV vehicle injections immediately after con-
ditioning as a control for the possibility that the injection procedure might have
memory disrupting effects. Forty-eight hours and 7 days after reactivation, all
animals were tested to see if the memory for the CPP persisted. As in Experiment
1, rats that lost weight were treated with Tribrissen.

2.6. Experiment 3: morphine- or saline-paired reactivation

In a second reconsolidation experiment, rats first received three conditioning
pairings (drug and vehicle) without any amnesic treatment, followed by a test
session to verify that a CPP was established (Table 1). The reactivation phase
consisted of a single conditioning trial (drug or vehicle) in which one group of
rats received morphine on the drug-paired side, while the other group received

saline on the vehicle-paired side. Both groups of rats received ICV injections of
anisomycin immediately following the reactivation session thereby associating
the ICV injections with only one compartment. All animals were tested 48 h
later to see if the memory for the CPP persisted. As in Experiments 1 and 2, rats
that lost weight were treated with Tribrissen.

e
t
a
t

sions in Experiment 3 (Morphine- or Saline-paired Reactivation) were given
orphine and saline pairings was counterbalanced for all experiments but only

.7. Drugs and injections

In all experiments, morphine (Sabex, Quebec), diluted in 0.9% NaCl to
mg/ml, was given IP at a dose of 1 ml/kg. A 0.9% NaCl was used for control

njections in the same volume. Anisomycin (Sigma–Aldrich, USA, Ltd.), was
issolved in HCl (1M), diluted with 0.9% NaCl, to a concentration of 50 �g/�l
nd the pH was adjusted to 7.4 with NaOH (5 M). The ANI-vehicle was 1 M
C1 diluted in 0.9% sodium chloride, which was adjusted to pH 7.4 with NaOH.
nisomycin and vehicle were administered ICV at a rate of 2 �l/min over 2 min

4 �l/hemisphere) with 1 min given for diffusion, leading to a total dose of 400 �g
200 �g/hemisphere).

All animals from each experiment were given habituation sessions to the
nfusion procedure prior to the first infusion.

.8. Histology

At the end of the experiment, rats were sacrificed with a lethal dose of
rethane and decapitated. The brains were removed and stored in a 10% Formalin
aline solution. Each brain was then frozen, sliced on a freezing microtome at
0 �m and stained with thionin. Cannula placements were confirmed by an
nvestigator blind to the subject’s test results. Data from subjects in which a
annula missed the ventricle, or in which ventricles showed signs of infection
ere discarded.

.9. Statistical analysis

Data collected during pre-exposure and test sessions consisted of time spent
n seconds in each of the three chambers in the apparatus.

We first examined whether each group developed a significant bias for the
rug-paired over the vehicle-paired compartment. The ANOVA (Statistica) was
ith one repeated measure (the time each animal spent in either compartment).
priori contrasts were chosen since the contrasts of interest were known in

dvance, and specified by the hypotheses. The � level was set at p = 0.05. Finally,
n ANOVA comparing the time spent in the left versus right compartment for
ach group was run on the pre-exposure session for each experiment to confirm
he apparatus was unbiased.

. Results

.1. Experiment 1: effect of anisomycin ICV on
onsolidation of a morphine-induced place preference

When rats were first given an opportunity to explore the appa-
atus before training the 43 subjects showed no preference for

ither compartment (F = 0.495, d.f. = 39, p = 0.688), confirming
he apparatus was unbiased. After one cycle of pairings of drug
nd vehicle with their respective compartments neither the con-
rol group which received vehicle ICV, nor any other group,
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Fig. 1. Effect of anisomycin (ANI) ICV at different infusion times in relation
to training on consolidation of a morphine-induced place preference. Data is
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Fig. 2. Morphine-induced conditioned place preference after initial learning
(Pre-Reactivation, Panel A), and 48 h after reactivation and ICV treatment (Post-
Reactivation, Panel B) and 1 week later (7 day Post-Reactivation, Panel C). Data
is time spent in the morphine- and vehicle-paired compartments on each test for
he time spent in the morphine- and vehicle-paired compartments for the post-
onsolidation test. *p < 0.05 for morphine vs. vehicle-paired.

howed a significant preference for the morphine-paired com-
artment on the test (Fs < 4.064, d.f. = 39, NS), so these data
ere not analyzed further.
On the second CPP test, after two cycles of training trials,

he ICV-vehicle control group showed a significant preference
or the drug-paired chamber (F = 6.565, d.f. = 39, p = 0.014,

= 11; Fig. 1). As expected, the group designed to detect any
arry over effects of anisomycin infusions (3 h Post-ANI) also
howed a strong preference for the drug-paired side (F = 6.938,
.f. = 39, p = 0.012, N = 9). Likewise the group given anisomycin
mmediately before the training trials (Pre-ANI) showed a sig-
ificant CPP on test 2 (F = 6.437, d.f. = 39, p = 0.015, N = 11).
n contrast, the group given immediate post-training injections
f anisomycin (Post-ANI) did not show a preference for the
orphine-paired side (F = 0.866, d.f. = 39, p = 0.358, N = 12; see
ig. 1).

A behavioral effect of the anisomycin treatment on the rats
as noted. After receiving infusions of anisomycin they were

mmobile for a few minutes, and moved their heads from side to
ide. They seemed hyper-reactive to the experimenter’s move-
ents and to touch.

.2. Experiment 2: effect of anisomycin ICV on
econsolidation of a morphine-induced place preference

Before conditioning the 55 subjects showed no bias towards
ither compartment (F = 0.085, d.f. = 51, p = 0.968).

Fig. 2A shows the pre-reactivation preferences for each group
fter two cycles of conditioning trials. The control group to

e given vehicle after reconsolidation trials showed a signifi-
ant preference for the morphine-paired chamber (F = 16.145,
.f. = 51, p = 0.000, N = 14), as did the group to be given ani-
omycin immediately after reconsolidation trials (F = 21.484,

groups treated with saline or ANI ICV at different times relative to reactivation.
*p < 0.05 for morphine vs. vehicle-paired.
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.f. = 51, p = 0.000, N = 16) and the group to be given anisomycin
fter 3 h delay (F = 10.259, d.f. = 51, p = 0.002, N = 14). How-
ver, for the group to be given anisomycin before reconsolidation
rials, the preference for the morphine-paired side did not reach
ignificance (F = 2.866, d.f. = 51, p = 0.097, N = 11). Note this
roup had a spontaneous bias for the vehicle-paired side of
03.455 seconds before conditioning (NS).

Subjects then experienced another cycle of drug and
ehicle pairings to reactivate the memory and were given
nisomycin or vehicle ICV in association with the retrieval
rials. After one cycle of reconsolidation treatment all four
roups showed a significant preference for the morphine-
aired chamber (Morphine/Post-vehicle: F = 8.649, d.f. = 51,
= 0.005; Morphine/Pre-ANI: F = 12.467, d.f. = 51, p = 0.001;
orphine/Post-ANI: F = 10.493, d.f. = 51, p = 0.002; Mor-

hine/3 h Post-ANI: F = 12.229, d.f. = 51, p = 0.001, data
ot shown). A second cycle of reconsolidation treatments
as performed to ensure that any effect was not simply

oo weak to be detected. It can be seen in Fig. 2B that
fter the second cycle of reconsolidation treatments all
our groups still showed a significant preference for the
orphine-paired chamber (Morphine/Post-vehicle: F = 8.428,

.f. = 51, p = 0.005; Morphine/Pre-ANI: F = 6.365, d.f. = 51,
= 0.015; Morphine/Post-ANI: F = 8.980, d.f. = 51, p = 0.004;
orphine/3 h Post-ANI: F = 19.013, d.f. = 51, p = 0.000). This

reference persisted on re-test after 7 days (Morphine/Post-
ehicle: F = 12.617, d.f. = 51, p = 0.001; Morphine/Pre-ANI:
= 11.504, d.f. = 51, p = 0.001; Morphine/Post-ANI: F = 7.397,

.f. = 51, p = 0.009; Morphine/3 h Post-ANI: F = 18.715,

.f. = 51, p = 0.000, Fig. 2C).
As in Experiment 1, it was observed that after receiving infu-

ions of anisomycin rats tended to freeze and exhibited head
aving. They were hyper-reactive to the experimenter’s move-
ents and to touch.

.3. Experiment 3: effect of anisomycin ICV on a
orphine-induced place preference after a selectively
orphine- or saline-paired reactivation

On pre-exposure the 19 subjects showed no spontaneous
ias towards either compartment (F = 0.205, d.f. = 17, p = 0.656).
fter three cycles of pairings of drug and vehicle with their

espective compartments both the group to be reactivated
n the morphine-paired compartment (Morphine-paired/ANI:
= 5.109, d.f. = 17, p = 0.037, N = 10) and the group to be reac-

ivated in the saline-paired compartment (Saline-paired/ANI:
= 6.169, d.f. = 17, p = 0.024, N = 9) showed a significant mor-

hine CPP (Fig. 3, Pre-Reactivation).
Forty-eight hours following the single reactivation session,

oth groups of rats were subjected to a test session. In the
roup who received anisomycin immediately after a morphine-
aired conditioning session, the CPP diminished slightly and
as no longer significant (Morphine-paired/ANI: F = 3.706,

.f. = 17, p = 0.071). In contrast, the group that received ani-
omycin immediately after the saline-paired reactivation session
etained a significant preference for the morphine-paired com-
artment, which was more reliable than before reactivation

t
F
t
a

n each test (Pre-Reactivation and Post-Reactivation) for groups treated with
NI ICV following either a morphine-paired or a vehicle-paired reactivation.

p < 0.05 for morphine vs. vehicle-paired.

Saline-paired/ANI: F = 13.384, d.f. = 17, p = 0.002; Fig. 3, Post-
eactivation).

. Discussion

Experiment 1 showed that the consolidation of a morphine
lace preference can be blocked by post-training infusions of
nisomycin into the lateral ventricles. Similar infusions given
ither pre-training, or 3 h post-training did not interfere with the
onsolidation of the memory for the association of the stimuli
n the drug-paired compartment with the rewarding effects of

orphine. This confirms that consolidation of a memory for
lace preference conditioning follows the same requirements for
e novo protein synthesis as other types of learning [14,28,29],
nd shows that ICV anisomycin reaches sites critical for the
PP memory. The results also support previous findings that

here is a critical time window during which protein synthesis
nhibition needs to occur in order to block memory consolidation
28,30,31], and that the optimal time is the immediate post-
onditioning period. It may seem surprising that immediate post-
raining anisomycin was so effective, given that the training trial
ast for 20 min and the ICV injection procedure takes several

inutes. By comparison in many consolidation paradigms the
onditioning phase lasts only a few minutes and consolidation
locking treatments work best if they are applied immediately
fter training [32–34]. However, training trials are much longer
n appetitive paradigms than fear conditioning paradigms, and
elayed amnestic treatments have been found to be effective up
o 30 min after conditioning [35].

Although our observations of the rats’ behavior following
CV anisomycin suggest that anisomycin had direct behavioral
ffects in addition to protein synthesis inhibition, the fact that
he post-training-ANI group failed to develop a CPP cannot
e explained by conditioning of aversive effects of the amnes-

ic treatment. There are two arguments against this possibility.
irst, the anisomycin was given in association with both condi-

ioning compartments. Since reinforcing and aversive influences
re additive [36,37], the animal chooses between box cues hav-
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ng acquired negative valence on one side, with box cues that
ave acquired negative valence + positive valence on the other
ide. Any conditioned aversive effects, therefore, should have
ittle effect on the preference. Secondly, if conditioning of aver-
ive effects to compartment cues reduced the CPP, pre-training
nisomycin should have been more effective than post-training
nisomycin. With pre-training anisomycin the drug’s effects
ccur in conjunction with both the effects of morphine and
he compartment cues, but with post-training amnestic treat-

ent, anisomycin and compartment cues are not associated and
ssociations with morphine effects are long delayed.

Experiment 2 mimicked the protocol of Experiment 1, but this
ime anisomycin was administered during reactivation sessions
fter the initial consolidation of morphine context associations
ad occurred. Even though one group had not exhibited a sig-
ificant CPP by the end of the initial conditioning, after the two
ycles of reconsolidation-blocking treatment, all four groups
howed a significant preference for the drug-paired compart-
ent. This preference was retained on the 7 day re-test. Thus,

ur findings suggest that the memory for a morphine conditioned
lace preference is not susceptible to disruption by protein syn-
hesis inhibition after reactivation. This result is supported by
imilar findings in another type of appetitive paradigm. Hernan-
ez et al. [24,33] found that infusions of anisomycin into the
ucleus accumbens blocked the initial consolidation of lever-
ressing for food in rats, and that anisomycin given systemically
fter reactivation of lever-pressing behavior impaired perfor-
ance on subsequent test sessions. However, they showed this

atter effect to be the result of a conditioned taste aversion to low
oses of anisomycin (5 or 20 mg/kg). Even high doses (150 and
10 mg/kg) of anisomycin known to have previously produced
mnesia did not affect the memory other than by taste aversion.
hey concluded that a well-learned instrumental task did not

equire protein synthesis-dependent reconsolidation as a means
f long-term maintenance, although this may only be true for
nfusions into the nucleus accumbens.

It is unlikely that the failure to find reconsolidation in these
xperiments is due to inadequate amnestic treatment, since a
ose of 400 �g anisomycin ICV was adequate to block consoli-
ation. It is possible that the biochemistry of consolidation and
econsolidation are not the same. BDNF is required for con-
olidation but not reconsolidation, and the inverse is true for
if268, [38]. However, all known mechanisms depend on pro-

ein synthesis, and should be susceptible to anisomycin. The
ossibility that reconsolidation and consolidation take place at
ifferent sites, and the reconsolidation site is inaccessible to
CV anisomycin cannot be eliminated. However, previous stud-
es of ICV anisomycin blocking memory in tasks dependent on
arious structures indicate that ICV anisomycin reaches puta-
ive sites such as the frontal cortex, hippocampus and amygdala
26,39–41].

The possibility that our failure to block reconsolidation is
ttributable to a lack of appropriate reactivation must also

e considered. In the CPP paradigm, several possibilities for
eactivation can be envisaged. One possibility is to adminis-
er anisomycin following a conventional test session. Although
his would constitute an extinction trial and possibly weaken the

d
s
C
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rug-induced preference, Lien et al. have shown that conditioned
lace preference memory is robust to repeated extinction trials
42]. However, morphine acts as a discriminative stimulus as
ell as a reinforcer [43] and this drug cue would be absent on a

onventional test trial. Since it has been shown that the extent of
he amnesia induced by anisomycin depends on how similar the
eactivation context is to the original training context [11,44],
e reasoned that the most complete reactivation would be to

pply the amnestic treatment after both morphine and vehicle
onditioning trials. This procedure also has the advantage that it
liminates the possibility of conditioning aversive effects of the
mnestic treatment to one compartment.

Experiment 3 was designed specifically to both replicate the
ethod found in recent reports of reconsolidation effects in

he CPP [18,21], and to highlight any influence of motivational
ffects caused by the amnestic treatment. The results were con-
istent with the possibility that conditioning of aversive effects
o the morphine-associated cues may contribute to disruption of
CPP when an amnestic treatment is given after reactivation in

he presence of the conditioning drug. In experiment 3, selective
ssociation of anisomycin with morphine and the morphine-
onditioned context procedure reduced the reliability of a mor-
hine CPP. In contrast, giving the same amnestic treatment after
eactivation with vehicle-paired cues in the presence of vehicle
eemed to strengthen the preference for the drug-paired cues.
hese results display a trend which is consistent with condition-

ng of aversive effects to the context of reactivation. Although
hese results are predicted from the findings by Hernandez and
elley, who demonstrated that apparent reconsolidation effects

ould be the result of taste aversion due to anisomycin [24], the
xtent to which anisomycin is aversive in a way that may affect
lace preference is still a matter of debate. A recent study by
uo et al. report no aversive effects of anisomycin in a place
reference paradigm [45]. However, these findings were estab-
ished in mice, with peripheral injections of anisomycin given
0 min pre-trial. It is likely that the use of a different species and
oute of injection would affect the level of toxicity caused by
nisomycin, and the 30 min delay between the injection and the
resentation of the compartmental cues would reduce the chance
f any association being acquired. In addition, our study couples
high dose of anisomycin with injections of morphine, which

tself produces a conditioned taste aversion [46]. It is possible
hat these drugs might synergise to produce dysphoria.

The failure to find evidence for reconsolidation effects
ith positively reinforced associations such as appetitive lever-
ressing and place conditioning is open to a number of
nterpretations. One possibility is that the conditions necessary
o demonstrate appetitive learning militate against demonstrat-
ng reconsolidation. Most appetitive tasks require multiple
raining trials, usually spread over several days, and these con-
itions might be expected to optimize consolidation. Indeed it
as been demonstrated with single trial inhibitory avoidance
onditioning that vulnerability of a memory to reconsolidation

ecreases over 1–2 weeks [47]. Findings by Kida and co-workers
upport the view that stronger memories caused by repeated
S-US pairings are less susceptible to reconsolidation block by
nisomycin [48]. Recent findings by Wang et al. [49] suggest
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hat strong memories may require longer training to reactivation
ntervals before they undergo reconsolidation and show impair-

ent as a result of anisomycin treatment. It is possible that each
onsolidation or reconsolidation occasion adds to the strength
f the memory, or, if reconsolidation processes are inhibited,
educes the strength of the memory. However, the demonstra-
ion of these effects is only possible when the memory is near
hreshold strength for recall. Once the memory is well above
hreshold strength, decrements produced by unreconsolidated
ecall may not bring the memory back to threshold, and remain
ndetectable. Our procedure used two episodes of reconsoli-
ation blocking treatments for each component of the memory
drug side and vehicle side), but even that seems to have been
nadequate to eliminate a well-established memory for drug
ffects. The anisomycin treatment was strong enough to induce
igns of toxicity so that it is probably not possible to further
ncrease the degree of protein synthesis inhibition.

In summary, our results show that consolidation of a
orphine-induced place preference can be prevented by post-

raining ICV infusions of anisomycin, and similar infusions of
nisomycin produce an apparent block of reconsolidation when
electively paired with morphine and its associated context dur-
ng reactivation. However, this effect is no longer present when
nisomycin is delivered in a counterbalanced fashion follow-
ng separate reactivations of both contexts and their associated
onditioning treatments (morphine and saline).

cknowledgments

This research was supported by the Natural Science and Engi-
eering Research Council of Canada OGP6303 to K.B.J.F. We
hank Francis Clement for his invaluable help in running the
xperiments during his tenure of an NSERC Undergraduate
ummer Research Fellowship. We thank Norman White and
arim Nader for critical comments on an earlier draft of the
anuscript.

eferences

[1] Markou A, Weiss F, Gold LH, Caine SB, Schulteis G, Koob GF. Ani-
mal models of drug craving. Psychopharmacology (Berl) 1993;112(2–3):
163–82.

[2] Robbins TW, Everitt BJ. Drug addiction: bad habits add up. Nature
1999;398(6728):567–70.

[3] See RE, Fuchs RA, Ledford CC, McLaughlin J. Drug addiction, relapse,
and the amygdala. Ann NY Acad Sci 2003;985:294–307.

[4] Mueller D, Perdikaris D, Stewart J. Persistence and drug-induced reinstate-
ment of a morphine-induced conditioned place preference. Behav Brain Res
2002;136(2):389–97.

[5] Shaham Y, Shalev U, Lu L, De Wit H, Stewart J. The reinstatement model
of drug relapse: history, methodology and major findings. Psychopharma-
cology (Berl) 2003;168(l–2):3–20.

[6] Nader K. Memory traces unbound. Trends Neurosci 2003;26(2):65–72.
[7] Barraco RA, Stettner LJ. Antibiotics and memory. Psychol Bull

1976;83(2):242–302.

[8] Davis HP, Squire LR. Protein synthesis and memory: a review. Psychol

Bull 1984;96(3):518–59.
[9] Flood JF, Bennett EL, Orme AE, Rosenzweig MR. Effects of protein syn-

thesis inhibition on memory for active avoidance training. Physiol Behav
1975;14(2):177–84.

[

[

al Brain Research 178 (2007) 146–153

10] McGaugh JL. Memory—a century of consolidation. Science 2000;
287(5451):248–51.

11] Judge ME, Quartermain D. Characteristics of retrograde amnesia following
reactivation of memory in mice. Physiol Behav 1982;28(4):585–90.

12] Misanin JR, Miller RR, Lewis DJ. Retrograde amnesia produced by electro-
convulsive shock after reactivation of a consolidated memory trace. Science
1968;160(827):554–5.

13] Nader K, Schafe GE, Le Doux JE. Fear memories require protein
synthesis in the amygdala for reconsolidation after retrieval. Nature
2000;406(6797):722–6.

14] Sara SJ. Strengthening the shaky trace through retrieval. Nat Rev Neurosci
2000;1(3):212–3.

15] Cervo L, Mukherjee S, Bertaglia A, Samanin R. Protein kinases A and C
are involved in the mechanisms underlying consolidation of cocaine place
conditioning. Brain Res 1997;775(1–2):30–6.

16] Popik P, Wrobel M. Morphine conditioned reward is inhibited by MPEP,
the mGluR5 antagonist. Neuropharm 2002;43(8):1210–7.

17] Lu L, Zeng S, Liu D, Ceng X. Inhibition of the amygdala and hip-
pocampal calcium/calmodulin-dependent protein kinase II attenuates the
dependence and relapse to morphine differently in rats. Neurosci Lett
2000;291(3):191–5.

18] Valjent E, Corbille AG, Bertran-Gonzalez J, Herve D, Girault JA. Inhibi-
tion of ERK pathway or protein synthesis during reexposure to drugs of
abuse erases previously learned place preference. Proc Natl Acad Sci USA
2006;103(8):2932–7.

19] Miller CA, Marshall JF. Molecular substrates for retrieval and reconsolida-
tion of cocaine-associated contextual memory. Neuron 2005;47(6):873–84.

20] Yim AJ, Moraes CR, Ferreira TL, Oliveira MG. Protein synthesis inhibition
in the basolateral amygdala following retrieval does not impair expression
of morphine-associated conditioned place preference. Behav Brain Res
2006;171(1):162–9.

21] Milekic MH, Brown SD, Castellini C, Alberini CM. Persistent disrup-
tion of an established morphine conditioned place preference. J Neurosci
2006;26(11):3010–20.

22] Duvarci S, Nader K. Characterization of fear memory reconsolidation. J
Neurosci 2004;24(42):9269–75.

23] White JA, Stolerman IP. Reversal of overshadowing in a drug mixture
discrimination in rats. Psychopharmacology (Berl) 1996;123(l):46–54.

24] Hernandez PJ, Kelley AE. Long-term memory for instrumental responses
does not undergo protein synthesis-dependent reconsolidation upon
retrieval. Learn Mem 2004;ll(6):748–54.

25] Bardo MT, Rowlett JK, Harris MJ. Conditioned place preference using
opiate and stimulant drugs: a meta-analysis. Neurosci Biobehav Rev
1995;19(1):39–51.

26] Meiri N, Rosenblum K. Lateral ventricle injection of the protein synthesis
inhibitor anisomycin impairs long-term memory in a spatial memory task.
Brain Res 1998;789(l):48–55.

27] Paxinos G, Watson C. The rat brain atlas in stereotaxic coordinates. San
Diego: Academic; 1998.

28] Barondes SH, Cohen HD. Memory impairment after subcutaneous injec-
tion of acetoxycycloheximide. Science 1968;160(827):556–7.

29] Flexner LB, Flexner JB, Roberts RB. Stages of memory in mice treated
with acetoxycycloheximide before or immediately after learning. Proc Natl
Acad Sci USA 1966;56(2):730–5.

30] Bourtchouladze R, Abel T, Berman N, Gordon R, Lapidus K, Kandel ER.
Different training procedures recruit either one or two critical periods for
contextual memory consolidation, each of which requires protein synthesis
and protein kinase A. Learn Mem 1998;5(4–5):365–74.

31] Cohen HD, Barondes SH. Effect of acetoxycycloheximide on learning and
memory of a light-dark discrimination. Nature 1968;218(138):271–3.

32] Flood JF, Bennett EL, Orme E, Rosenzweig MR. Relation of memory
formation to controlled amounts of brain protein synthesis. Physiol Behav
1975;15(l):97–102.
33] Hernandez PJ, Sadeghian K, Kelley AE. Early consolidation of instru-
mental learning requires protein synthesis in the nucleus accumbens. Nat
Neurosci 2002;5(12):1327–31.

34] Pinel JP. A short gradient of ECS-produced amnesia in a one-trial appetitive
learning situation. J Comp Physiol Psychol 1969;68(4):650–5.



viour

[

[

[

[

[

[

[

[

[

[

[

[

[

[

M.J.F. Robinson, K.B.J. Franklin / Beha

35] Hsu EH, Schroeder JP, Packard MG. The amygdala mediates memory con-
solidation for an amphetamine conditioned place preference. Behav Brain
Res 2002;129(l–2):93–100.

36] Young PT, Christensen KR. Algebraic summation of hedonic processes. J
Comp Physiol Psychol 1962;55:332–6.

37] Rescorla RA, Wagner AR. A theory of Pavlovian conditioning: vari-
ations in the effectiveness of reinforcement and nonreinforcement. In:
Black AH, Prokasy WF, editors. Classical conditioning II: current
research and theory. New York: Appleton-Century-Crofts; 1972. p. 64–
99.

38] Lee JL, Everitt BJ, Thomas KL. Independent cellular processes for
hippocampal memory consolidation and reconsolidation. Science 2004;
304(5672):839–43.

39] Davis HP, Spanis CW, Squire LR. Inhibition of cerebral protein synthesis:
performance at different times after passive avoidance training. Pharmacol
Biochem Behav 1976;4(1):13–6.

40] Krug M, Lossner B, Ott T. Anisomycin blocks the late phase of long-term

potentiation in the dentate gyrus of freely moving rats. Brain Res Bull
1984;13(l):39–42.

41] Santini E, Ge H, Ren K, Pena dO, Quirk GJ. Consolidation of fear extinc-
tion requires protein synthesis in the medial prefrontal cortex. J Neurosci
2004;24(25):5704–10.

[

al Brain Research 178 (2007) 146–153 153

42] Lien WH, Yeh TL, Yang YK, Cherng CF, Chen HH, Chen PS, et al.
Cycloheximide enhances maintenance of methamphetamine-induced con-
ditioned place preference. Chin J Physiol 2004;47(l):23–30.

43] Hill HE, Jones BE, Bell EC. State dependent control of discrimination by
morphine and pentobarbital. Psychopharmacologia 1971;22(4):305–13.

44] Pedreira ME, Perez-Cuesta LM, Maldonado H. Reactivation and reconsol-
idation of long-term memory in the crab Chasmagnathus: protein synthesis
requirement and mediation by NMDA-type glutamatergic receptors. J Neu-
rosci 2002;22(18):8305–11.

45] Kuo YM, Liang KC, Chen HH, Cherng CG, Lee HT, Lin Y, et al. Cocaine-
but not methamphetamine-associated memory requires de novo protein
synthesis. Neurobiol Learn Mem 2007;87(l):93–100.

46] Bechara A, van der Kooy D. Opposite motivational effects of endogenous
opioids in brain and periphery. Nature 1985;314(6011):533–4.

47] Milekic MH, Alberini CM. Temporally graded requirement for protein
synthesis following memory reactivation. Neuron 2002;36(3):521–5.

48] Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S.

Memory reconsolidation and extinction have distinct temporal and bio-
chemical signatures. J Neurosci 2004;24(20):4787–95.

49] Wang S, Marin M, Nader K. Memory strength as a transient boundary
condition on reconsolidation of auditory fear memories and its molecular
correlates. Society for Neuroscience; 2005 [Abstracts #650.2].


	Effects of anisomycin on consolidation and reconsolidation of a morphine-conditioned place preference
	Introduction
	Materials and methods
	Animals and surgery
	Apparatus
	Place conditioning procedure
	Experiment 1: consolidation
	Experiment 2: reconsolidation
	Experiment 3: morphine- or saline-paired reactivation
	Drugs and injections
	Histology
	Statistical analysis

	Results
	Experiment 1: effect of anisomycin ICV on consolidation of a morphine-induced place preference
	Experiment 2: effect of anisomycin ICV on reconsolidation of a morphine-induced place preference
	Experiment 3: effect of anisomycin ICV on a morphine-induced place preference after a selectively morphine- or saline-paired reactivation

	Discussion
	Acknowledgments
	References


