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Post-retrieval effects of icv infusions
of hemicholinium in mice are dependent
on the age of the original memory
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CF-1 male mice were trained in an inhibitory avoidance task using a high footshock (1,2 mA, 50 Hz, 1 sec) in order to
reduce the influence of extinction on retention performance. At 2, 7, 14, or 30 d after training, the first retention
test was performed and hemicholinium (HC-3, 1.0 pg/mice), a specific inhibitor of high-affinity choline uptake in
brain cholinergic neurons, was given intracerebroventricularly immediately after. Twenty four hours after treatment,
mice were tested in an inhibitory avoidance task during five consecutive days, each 24 h apart. Retention
performance was impaired by HC-3 when the first re-exposure took place at 2, 7, or 14 d, but the effect was no
longer seen when re-exposure occurred 30 d after training. We did not find spontaneous recovery 21 d after
training, when memory was retrieved 2 d after training and HC-3 was given immediately after. Although we cannot
definitively discard a retrieval deficit, this lack of spontaneous recovery is in accordance with the storage-deficit
interpretation. These results confirm and extend previous ones, suggesting that central cholinergic mechanisms are
involved in the hypothetical reconsolidation memory processes of an inhibitory avoidance task in mice and also
suggest that this participation depends on the “age” of the original memory trace. This implies that the vulnerability
of a reactivated memory to a specific treatment, as the one used in this study, inversely correlates with the age of

the original memory, and it is likely to determine memory reconsolidation processes.

Long-term memory of new learning information is achieved
through a process known as memory consolidation (McGaugh
1966, 2000), which requires protein synthesis (Davis and Squire
1984). It is accepted that once consolidation is completed,
memory becomes permanent (Squire and Alvarez 1995). How-
ever, it has also been suggested that reactivation (retrieval) of the
original memory again makes it sensitive to disruption, since
several post-retrieval treatments impair or enhance it (Misanin et
al. 1968; DeVietti et al. 1977; Horne et al. 1997; Rodriguez et al.
1999; Sara 2000; Nader 2003). This new period of sensitivity
coined the term reconsolidation, suggesting the “reconsolida-
tion” hypothesis. Reconsolidation theorists, in most cases, de-
scribe post-retrieval manipulations in terms of their deleterious
effects on the original memory (Dudai and Eisenberg 2004; Al-
berini 2005); they are at least controversial and surrounded by
apparently conflicting data (Dudai and Eisenberg 2004). In this
sense, one point that deserves attention is that in several studies
the post-reactivation amnesic effects appear to be dependent on
the age of the reactivated memory (Milekic and Alberini 2002; for
review, see Dudai and Eisenberg 2004). Thus, young reactivated
memories were more susceptible to disruption than older ones
(Litvin and Anokhin 2000; Milekic and Alberini 2002; Eisenberg
and Dudai 2004). Previous results (Boccia et al. 2004) demon-
strated that the immediate post-training icv administration of
hemicholinium (HC-3) (1 pg), a specific inhibitor of the high-
affinity choline uptake (HACU) in brain cholinergic neurons, im-
paired retention test performance of a one-trial step-through in-
hibitory avoidance response in adult male CF-1 mice. The effect
was observed not only 48 h after training, but also 7 d after. Mice
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that were over-reinforced in the learning trial exhibited a high-
retention performance 48 h after training. The immediate icv
injection of HC-3 (1 pg) after the first retention test significantly
impaired retention performance over four consecutive days,
whereas the saline-injected control group showed a slight, but
significant performance decrease only at the last retention test.
These results, taken together, suggest that HC-3 not only im-
paired consolidation, but also reconsolidation of an inhibitory
avoidance task in mice, suggesting a critical participation of cen-
tral cholinergic mechanisms in both memory processes.

Recently, Milekic and Alberini (2002) suggested that there is
an increasing resistance to post-reactivation interfering disrup-
tion with a protein synthesis inhibitor (anisomycin) given sub-
cutaneously, as the time interval from training increases in an
inhibitory avoidance in rats. They suggested that old and well-
consolidated memories do not return to a labile state after reac-
tivation; on the contrary, recently acquired memories become
unstable when retrieved and subsequent recalls are impaired
(Milekic and Alberini 2002).

In the present work, we investigate whether the degree of
vulnerability of a reactivated memory to the deleterious effects of
a central inhibitor of the synthesis of acetylcholine, a neurotrans-
mitter that participates as a modulator in memory consolidation
processes (Power et al. 2003), changes as a function of the time
elapsing between original learning and retrieval.

Results

Training step-through latency differences among all of the
groups used in these experiments were not significant (TSTL = 10
(8-2) sec; H3y = 4.20; P> 0.05)

When memory was evaluated either 2 or 7 d after training,
HC-3 administered immediately after the first retention test sig-
nificantly impaired retention latencies in five subsequent tests
(P <0.01, in all cases as compared with the first retention test;
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Fig. 1A,B). These results confirm and extend previous ones (Boc-
cia et al. 2004). On the contrary, both groups of saline-treated
mice performed in all tests as well as on the first retention test,
showing a slight decrease on the sixth test, but no statistical
difference was found (P > 0.05) (Fig. 1A,B). When the first reten-
tion test was performed 14 d after training, although the delete-
rious effect of HC-3 on retention performance was still evident
(Fig. 1C, P < 0.01, in all cases as compared with the first retention
test), the drop in the latencies was less than that observed after 2
or 7d (P <0.05, in all cases as compared with the corresponding
retention test session) (Fig. 1A,B,C). Finally, when the first re-
exposure was delayed 30 d after training, HC-3 effects on reten-
tion latencies were no longer seen (P > 0.05, in all cases as com-
pared with the first retention test; Fig. 1D). Performance in sa-
line-treated mice progressively decreased from the second to the
sixth retention test, although, in any case, no significant differ-
ences were observed (P > 0.05). This observation led us to com-
pare retention latencies of the corresponding trial of saline-
treated mice across the four training-reactivation intervals, and
no significant differences were found.

On the other hand, the deficit on retention performance
was not observed in the group of mice non-re-exposed to the

training context and injected with HC-3 48 h after training
(P> 0.05, compared with the saline-injected group) (Table 1).

In the last experiment, the group of mice that received sa-
line immediately after the first retention test (Fig. 2A) exhibited
a normal retention performance both 2 and 21 d after training.
Further, there were no significant differences in the retention
scores between these times (P > 0.05). On the contrary, mice that
received HC-3 immediately after memory retrieval exhibited, on
the 21-d test, a severe impairment of retention performance
(P <0.01, as compared with the saline-treated group) (Fig. 2A).
Moreover, the group of mice that was tested 3 and 21 d after
training exhibited a poor performance compared with the saline-
treated control group (P < 0.01) (Fig. 2B). Finally, the retention
performance 21 d after training was not significantly different in
mice that were tested or not tested 3 d after training (P > 0.05)
(Fig. 2A,B). These findings suggest that the effects of HC-3 ad-
ministration immediately after the first memory retrieval on re-
tention performance are long-lasting.

Discussion

One of the most important findings that should be taken into

account when interpreting a reconsolidation hypothesis is the re-
lationship between the age of the reacti-
vated memory and the susceptibility to

be disrupted. In this sense, it appears to
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synthesis inhibitors (Davis and Squire
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Figure 1. Effect of icv infusion of SS (1 pL) or HC-3 (1 pg/uL) given immediately after memory ~ Was not definitively solved up to now,

reactivation on retention performance at different training-memory reactivation test intervals. Each bar
represents the medians and interquartile ranges (n = 15 mice/group, shocked mice) (A) 2 d; (B) 7 d; (C)
14 d; (D) 30 d. Test numbers represent successive test. Six retention tests were given, with an interval
of 24 h between tests. **P < 0.01, in all cases compared with its respective test number 2 (Mann-
Whitney U-test, two tailed), #P < 0.05, in all cases compared with its respective test number when
memory was evaluated 2 or 7 d after training (A, B) (Mann-Whitney U-test, two tailed). The behavioral

experimental scheme is found above the graphs.

and we think it is critical to elucidate
that when using protein-synthesis in-
hibitors such as anisomycin as a phar-
macological tool to interfere with either
consolidation or reconsolidation mem-
ory processes.
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Table 1. Effects of 48-h delayed icv injection of SS or HC-3 on
retention performance in the absence of memory reactivation

Treatment Latencies to step-through (sec)®

ss 300 (300-300)
HC-3 (1 pg/mice) 300 (300-300) n.s.

n.s., not significant.

“Test was performed 72 h after training (n = 15 mice/group).
Data are expressed as the median and interquartile range.
n.s. = P> 0.05, (Mann-Whitney U-test, two tailed).

On the contrary, using agonists and antagonists of specific
receptors provides important clues to which processes might be
occurring in the brain during memory storage. Although intra-
cerebroventricular injections provide only mere hints of their site
of action, it ensures that the drug effects are centrally mediated
(McGaugh and Izquierdo 2000).

In addition to those studies using protein-synthesis inhibi-
tors (Judge and Quartermain 1982; Nader et al. 2000; Anokhin et
al. 2002; Sangha et al. 2003; for review, see Alberini 2005) other
studies were performed in order to test the memory reconsolida-
tion hypothesis using blockers of transcription factors and/or
immediate early gene expression (Taubenfeld et al. 2001; Kida et
al. 2002; Bozon et al. 2003; Lee et al. 2004; Merlo et al. 2005),
inhibitors of kinases (Kelly et al. 2003; Koh and Bernstein 2003),
or new potential learning situations (Gordon and Spear 1974;
Walker et al. 2003; Boccia et al. 2005), and only a few studies
found evidence of enhancement of memory with post-retrieval
treatments (De Vietti et al. 1977; Horne et al. 1997, Rodriguez et
al. 1999). This is an important issue if we want to compare con-
solidation vs. reconsolidation memory processes.

A system already known as a modulatory one, and involved
in memory consolidation processes in different brain areas, be-
havioral tasks, and different species (Gold 2003; Power et al.
2003) was studied in this work. Hemicholinium (HC-3) is a spe-
cific inhibitor of the high-affinity choline uptake in brain cho-
linergic neurons. Accordingly, the pharmacological inhibition, at
first, could only be attributed to the cholinergic synapse de-
pressed function, although this dysfunction could modify addi-
tional neuronal systems (Decker and McGaugh 1991).

When HC-3 was administered icv immediately after train-
ing, memory consolidation was impaired when tested either 2 or
7 d after (Boccia et al. 2004). However, choline uptake inhibition
immediately after retrieval seems to impair subsequent tests only
when the retrieval session takes place close enough in time to the
training procedures. These results are in accordance, at first in-
stance, with those reported by Milekic and Alberini (2002) using
a protein-synthesis inhibitor.

Further, a separated group of mice that was injected with
HC-3 48 h after training, but did not experience the reactivation
session, performed as well as a saline-injected control group at
day 3 post-acquisition of the original response. These facts,
which are similar to those previously reported by Nader et al.
(2000) and Milekic and Alberini (2002), suggest that the impair-
ment of retention induced by post-retrieval administration of
HC-3 could not be attributed to nonspecific influences on per-
formance.

Similar results, indicating a temporally graded requirement
for protein synthesis after recall, have been reported by others
who have used different models, systems, and species (Litvin and
Anokhin 2000; Eisenberg and Dudai, 2004; Suzuki et al. 2004).
Suzuki et al. (2004) found that increasing the strength of the
memory (by increasing the number of shocks during training),
increased the resistance of the fear memory to be disrupted by
protein-synthesis inhibitors; moreover, longer re-exposures were
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required to induce performance impairment after post-
reactivation of stronger memories. We are currently studying
whether the cholinergic system participates in post-retrieval
memory consolidation processes modifying the retrieval test
conditions (e.g., longer re-exposures).

Lack of reversal of amnesia could support storage-deficit in-
terpretation. Several groups have observed recovery of memory
following post-retrieval retention performance impairment
within hours, days, or weeks (Mactutus et al. 1979; Vianna et al.
2001; Anokhin et al. 2002; Bahar et al. 2004; Lattal and Abel
2004; Power et al. 2006), suggesting that the retention perfor-
mance impairment induced by post-retrieval treatment may be
temporary. This is consistent with the interpretation that such
treatments may temporally disrupt memory retrieval (Riccio et
al. 2002; Arshavsky 2003; Lattal and Abel 2004). However, Du-
varci and Nader (2004) reported lack of spontaneous recovery of
an auditory fear conditioning after intralateral amygdala infu-
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Figure 2. Long lasting effects of icv infusion of HC-3 (1 pg/pL) on
retention performance after memory reactivation. Each bar represents
the medians and interquartile ranges. (TR, training) (n = 15 mice/group).
(A) Mice were tested only 21 d after training. (B) Mice were tested twice
(48 h and 21 d) after training. **P < 0.01, in all cases with respect to first
retention trial (Mann-Whitney U-test, two tailed). The behavioral experi-
mental scheme is found above the graphs.
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sions of anisomycin following memory reactivation, and we re-
cently reported that no spontaneous recovery was observed after
the exposure to a new potential learning situation after memory
reactivation of an inhibitory avoidance task in mice (Boccia et al.
2005). As we did not find recovery of retention performance at
least 21 d after memory reactivation of a 2-d-old memory in mice
treated with HC-3, our results are in accordance with the storage-
deficit interpretation. However, we cannot definitively discard a
possible retrieval deficit yet, since a poor performance does not
evidence absence of memory (Cahill et al. 2001). The potential
reasons for these discrepancies are not clear, but they probably
reflect differences between the learning tasks used. We must
mention that in Figure 1C, it seems that with repeated re-
exposures to the context, an improved performance is observed,
suggesting spontaneous recovery of the original memory (no sta-
tistical difference was found). Experiments are in progress in or-
der to determine spontaneous recovery at different time points
from training, either with or without repeated re-exposures.

However, is it possible that, when given after memory re-
trieval, HC-3 facilitates the extinction of the avoidance response?
Although we do not have a definitive answer, some comments
appear to be necessary. As stated before, the mice were over-
reinforced during the learning trial in order to reduce the influ-
ence of extinction. Additionally, we considered evidence that
suggests a protective effect of over-reinforcement against the am-
nesic properties of some pharmacological treatments affecting
central cholinergic mechanisms (Durdn-Arévalo et al. 1990). This
might be the case when HC-3 was given after a retention test.
Performance impairment was evident from the second to the
sixth retention test in HC-3 treated mice when administered im-
mediately after retrieval. If HC-3 was facilitating extinction,
which is a new learning (Myers and Davis 2002), then the drug
might be retroactively enhancing memory consolidation of a
nonreinforced conditioning stimulus presentation (i.e., extinc-
tion). This seems unlikely, because when HC-3 was given imme-
diately after training impaired memory consolidation of the
original learning response (Boccia et al. 2004), it has been con-
sistently found that cholinergic blockade results in retrograde
amnesia in various animal species and different learning tasks
(Ridley et al. 1984; Prado-Alcalé et al. 1993).

It is useful to consider the competition model proposed by
Nader et al. (2000) and Nader (2003). Accordingly, when the
retrieval session induces significant extinction, then it is the ex-
tinction memory that is labile and sensitive to disruption. Con-
versely, when a protocol is used that does not lead to significant
extinction during retrieval, then the reconsolidation is blocked.
Since our mice were over-reinforced during the learning trial, it
seems a reasonable possibility that in this study there was no
extinction. Furthermore, if HC-3 was facilitating the extinction
of the inhibitory avoidance response, we should expect a spon-
taneous recovery (Bouton 1993) of the original learning, and that
was not the case, at least not when mice were tested 21 d after
training.

However, there are some confounding results about the par-
ticipation of the central cholinergic system on memory extinc-
tion processes (for review, see Mason 1983). The muscarinic an-
tagonist scopolamine reversed extinction of a shock-avoidance
conditioning after systemic injection in the rat was submitted to
an extensive extinction training (Prado-Alcalé et al. 1994), and
memory extinction of a conditioned taste-aversion response was
not affected when scopolamine was infused in the insular cortex
of the rat (Berman and Dudai 2001; Berman et al. 2003). On the
contrary, oxotremorine, a muscarinic agonist, enhanced extinc-
tion of a contextual fear memory in rats when infused in the
right basolateral amygdala (M.M. Boccia, C.M. Baratti, and J.L.
McGaugh, unpubl.).

One point that deserves attention and further studies is the
difference observed in the retention latencies at different train-
ing-test intervals; the longer the interval, the faster the reduction
in retention latencies. It could be attributable to an earlier devel-
opment of an extinction phenomenon (Myers and Davis 2002).
Moreover, 30 d after training, HC-3 no longer affects retention
performance in subsequent tests when given immediately after
reactivation, and the extinction of saline and HC-3-treated mice
seem very similar. Studies are in progress in order to elucidate
this interesting observation.

Mechanisms of memory perseverations are barely known
(Dudai and Eisenberg 2004; Alberini 2005). How does memory
stabilize over time? It is likely that the labile nature of a reacti-
vated memory reveals that reactivation of the memory trace is an
integral aspect of a single, extended consolidation process, at
least in our experimental conditions using HC-3.

We think it is imperative to perform these kinds of studies in
order to elucidate whether the reconsolidation memory process
is linked to, and perhaps part of, the better known and charac-
terized period that follows a learning experience described 100 yr
ago by Miiller and Pilzecker (1900) in their “consolidation theory
of memory.”

Materials and Methods

Subjects

CF-1 male mice (FUNDACAL, Argentina) were used (age: 60-70 d;
weight: 25-30 g). They were caged in groups of 15 and remained
housed throughout the experimental procedures. The mice were
kept in a climatized animal room (21-23°C) maintained on a
12-h light/12-h dark cycle (lights on at 06:00 h), with ad libitum
access to dry food and tap water. Experiments were carried out in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No. 80-23/
96), and local regulations. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

Inhibitory avoidance task

Inhibitory avoidance behavior was studied in a one-trial learn-
ing, step-through type situation (Boccia et al. 2004), which uti-
lizes the natural preference of mice for a dark environment. The
apparatus consists of a dark compartment (20 X 20 X 15 cm)
with a stainless-steel grid floor and a small (5 X 5 cm), illumi-
nated elevated platform attached to its front center. The mice
were not habituated to the dark compartment before the learning
trial. During training each mouse was placed on the platform and
received a footshock as it stepped into the dark compartment (1.2
mA, 50 Hz, 1 sec) (Boccia et al. 2004). The footshock-training
conditions yielded median retention scores at the ceiling and
were used in order to reduce the influence of extinction on re-
tention performance (see below).

At the times indicated for each experimental group, the re-
tention tests were performed. Each mouse was placed on the
platform again and the step-through latency was recorded. The
retention test was finished either when the mouse stepped into
the dark compartment or failed to cross within 300 sec (ceiling
score). In the latter case, the mouse was immediately removed
from the platform and assigned a score of 300 sec (ceiling score).
In the retention test session, the footshock was omitted.

Eight different groups of 15 mice each were trained in the
inhibitory avoidance task; 2, 7, 14, or 30 d after training, the mice
were submitted to the first retention test trial. Inmediately after,
mice received an icv injection of saline (1 pL) or HC-3 (1 pg). One
day later and for four consecutive days at 24 h intervals, both
groups of mice were tested. Another two groups of 15 mice each
were trained, and 48 h after training they were injected with
saline (1 pL) or HC-3 (1 pg) and were tested for retention 72 h
after training.

Finally, four groups of 15 mice each were trained in the
inhibitory avoidance task; 48 h later they were tested and re-
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ceived an immediate icv infusion of saline (1 pL) or HC-3 (1 ng).
The half of the mice receiving either saline or HC-3 were tested
again 21 d after training. The remaining two groups (saline or
HC-3) were submitted to a second retention test 72 h after train-
ing and were retested 21 d after training.

Drug administration

The mice were prepared 48 h before testing for the subsequent icv
injection of saline or drug solution so that a minimum of time
would be needed for the injection, which was administered un-
der light ether anesthesia in a stereotaxic instrument (Boccia et
al. 2004). Saline or HC-3 solution was injected unilaterally at
random into either the left or right lateral ventricle at a volume
of 1.0 pL. The injection coordinates were —0.34 mm with respect
to bregma, 1.00 mm to the right or left from the central, and 2.10
mm in depth (Franklin and Paxinos 1997). Within 2 min after
the first retention test, the injections were performed over 90 sec
(Boccia et al. 2004).

Statistical analysis

Data are expressed as median latencies to step-through during
the retention test and interquartile ranges, and were analyzed,
when appropriate, with the nonparametric analysis of variance
of Kruskal-Wallis, and the differences between groups were esti-
mated by individual Mann-Whitney U-tests (two tailed) (Siegel
1956). In all cases, P-values < 0.05 were considered significant.
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