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IPPOCAMPAL ALPHA7 NICOTINIC RECEPTORS MODULATE
EMORY RECONSOLIDATION OF AN INHIBITORY AVOIDANCE TASK
N MICE
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dra de Farmacología, Facultad de Farmacia y Bioquímica, Univer-
idad de Buenos Aires, Piso, Capital Federal, Argentina

bstract—CF-1 male mice were trained in an inhibitory avoid-
nce (IA) task using either a mild or a high footshock (0.8 or
.2 mA, 50 Hz, 1 s). A retention test was given 48 h later.

mmediately after the retention test, mice were given intra-
orsal hippocampus infusions of either choline (Ch, an �7
icotinic acetylcholine receptor (�7nAChR) agonist, 0.08–
.30 �g/hippocampus), or methyllycaconitine (MLA, an
7nAChR antagonist, 1.0–30.0 �g/hippocampus). Memory
etention was tested again 24 h later. Methyllycaconitine im-
aired retention performance regardless of footshock inten-
ity and its effects were long lasting. Ch impaired retention
erformance only in those mice trained with a high foot-
hock. On the contrary, Ch enhanced retention performance
hen mice were trained with a mild footshock. These effects
ere long lasting and dose- and time-dependent. Retention
erformance was not affected in drug-treated mice that were
ot subjected to memory reactivation, suggesting that the
erformance effects could not be attributable to non-specific
ffects of the drugs. Methyllycaconitine effects were dose-
ependently reversed by choline, suggesting that MLA and
h interact at the �7nAChR. Altogether, results suggest that
ippocampal �7nAChRs play a critical role in reconsolidation
f an IA response in mice, and may also have important

mplications for dynamic memory processes. This is the first
resentation, to our knowledge, indicating that a specific
eceptor (�7nAChR) is able to modulate consolidated mem-
ries after retrieval. © 2010 IBRO. Published by Elsevier Ltd.
ll rights reserved.

ey words: inhibitory avoidance, acetylcholine, alpha7 nico-
inic receptors, reconsolidation, memory, hippocampus.

emory consolidation regards the underlying processes
ccurring after a learning situation where memory is sta-
ilized and strengthened. Initially it is assumed that new
emories are labile and sensitive to “disruption” before
ndergoing a series of processes that render the memory
epresentation progressively stable (McGaugh, 1966,
000). In 1968, Misanin and colleagues posited that re-
rieval renders the memory labile again. Along this line,

These authors contributed equally to this work.
Corresponding author. Tel: �54-11-4964-8265; fax: �54-11-4964-
266.
-mail address: cbaratti@ffyb.uba.ar (C. M. Baratti).
bbreviations: Ach, acetylcholine; Ch, choline; IA, inhibitory avoid-
c
nce; LTM, long-term memory; MLA, methyllycaconitine; nAchR, nic-
tinic receptor; SS, saline solution; STM, short-term memory.

306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.08.027
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everal groups have recently found evidence to support
he idea and coined the term “reconsolidation” (Przybys-
awski et al., 1999; Nader et al., 2000). This process
hares many features with memory consolidation but they
re not identical and, moreover, reconsolidation is not
onsidered to be a recapitulation of consolidation (Tauben-
eld et al., 2001; Lee et al., 2004; Alberini et al., 2006;
ronson and Taylor, 2007). Some authors considered re-
onsolidation as a “post-activation state” where there is an

ncreased sensitivity to amnesic agents, such as protein
ynthesis inhibitors, which might correlate with an en-
anced plasticity of the neuronal circuitry that encodes the
emory trace, or parts of it (Dudai, 2007). Accordingly,
emory reconsolidation, from an adaptive point of view,
llows new information to be integrated into the estab-

ished memory to update it (Tronel et al., 2005). Recon-
olidation may also serve to strengthen those memory
races that are most often used. According to this frame-
ork, memory is first consolidated, then retrieved (remem-
ered either deliberately or spontaneously), and afterward,
he engram is updated by the process of memory recon-
olidation (Hardt et al., 2010).

Experimental and clinical evidence has given support
o the hypothesis that cerebral acetylcholine (ACh) plays
n essential role in mnemonic phenomena (Decker and
cGaugh, 1991; Fibiger, 1991; Prado-Alcalá et al., 1993;
allagher and Colombo, 1995; Baratti et al., 2009; but see,
lokland, 1996). Thus, it has been consistently found that
entral or systemic administration of anticholinergic drugs
nd lesions of the cholinergic system cause memory im-
airment while drugs that enhance cholinergic activity im-
rove memory (Fibiger, 1991; Prado-Alcalá et al., 1993;
ower et al., 2003). We recently reported that memory
onsolidation and reconsolidation are impaired when ACh
ynthesis is disrupted by i.c.v. administration of the revers-

ble inhibitor of the sodium-dependent high-affinity choline
ptake (HACU) hemicholinium (HC-3) (Boccia et al.,
004). Hemicholinium specifically affects cholinergic neu-
ons by interfering with acetylcholine synthesis (Simon et
l., 1976). The impairment inversely correlated with the
ime between training (learning) and the first retrieval ses-
ion (Boccia et al., 2004, 2006). These results suggested,
or the first time, that central cholinergic mechanisms are
ritically involved in memory reconsolidation of an inhibi-
ory avoidance (IA) memory in mice. What we do not know
et is which cholinergic receptors are involved. Two differ-
nt families of receptors are recognized by acetylcholine,
uscarinic receptors (mAChRs, a G protein-coupled re-
eptor), and nicotinic receptors (nAChRs, ligand-gated ion
s reserved.

mailto:cbaratti@ffyb.uba.ar
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hannels) (Albuquerque et al., 2009). Both are known to
articipate in encoding and retrieval but neither have been
eparately tested for their independent participation on
ost-retrieval memory processes (Buckingham et al.,
009).

Nicotinic receptors have homo or heteropentameric
tructure and are expressed in both the central and pe-
ipheral nervous system. They have been implicated in
everal physiological functions, such as learning and
emory (Levin et al., 2006), and in several disorders (neu-

odegenerative and neuromuscular) (Taly et al., 2009). In
ertebrates, 17 nAChR subunits have been identified
�1��10, �1��4, �, � and �) which can co-assemble to
enerate a diverse family of AChR subtypes (Buckingham
t al., 2009). The two main nAChR subtypes expressed in
he CNS are �7 and �4�2 (Wevers and Schröder, 1999),
hich are highly expressed in different brain regions and
ave been implicated in several nervous system disorders
uch as Alzheimer’s disease, schizophrenia, depression,
ttention deficit hyperactivity disorder and tobacco addic-
ion (Taly et al., 2009).

The key role of the hippocampus in the consolidation of
any forms of memory, including inhibitory avoidance and
aze tasks, has been amply documented (Izquierdo et al.,
002). Intra-hippocampal administration of nicotine en-
ances (Felix and Levin, 1997; Levin et al., 1996) and the
AChR antagonists, dihydro-�-erythroidine (DH�E; Felix
nd Levin, 1997; Levin et al., 2002) and mecamylamine
Ohno et al., 1993) impair working memory.

Martí Barros et al. (2004) reported that nAChRs in the
A1 region of the hippocampus participate in acquisition
nd consolidation of both short-term memory (STM) and

ong-term memory (LTM) of an inhibitory avoidance task,
s well as the retrieval of LTM. These findings support a
eneral enhancing or supportive modulatory role for
AChRs in a variety of memories (working memory, STM,
TM) and different phases of memory (LTM retrieval).

Prior studies, to our knowledge, have not investigated
hether nAChRs are involved in memory reconsolidation.
he present experiments investigated the memory-modu-

ating effects of post-retrieval intra-dorsal-hippocampal in-
usions of either choline (Ch), an �7 nicotinic acetylcholine
eceptor (�7nAChR)-agonist or methyllycaconitine (MLA),
n �7nAChRs-antagonist (Levin et al., 2006), on an IA
esponse in CF-1 mice.

EXPERIMENTAL PROCEDURES

ubjects

F-1 male mice from our own breeding stock were used (age:
0–70 d; weight: 25–30 g). They were caged in groups of 10–12
nd remained housed throughout the experimental procedures.
he mice were kept in a climatized animal room (21–23 °C)
aintained on a 12-h light/12-h dark cycle (lights on at 6:00 AM),
ith ad libitum access to dry food and tap water. Experiments
ere carried out in accordance with the National Institute of Health
uide for the Care and Use of Laboratory Animals (NIH Publica-

ion N 80-23/96) and local regulations. All efforts were made to
inimize animal suffering and to reduce the number of animals

sed. o
rugs

holine bitartrate (Ch ) and MLA citrate hydrate were from Sigma
ife Science (Sigma, St. Louis, MO, USA). All drugs where dis-
olved in sterile saline solution immediately before use. All doses
ere calculated as the free base. All other agents were of analyt-

cal grade and obtained from local commercial sources.

nhibitory avoidance task (IA)

nhibitory avoidance (IA) behavior was studied in a one-trial learn-
ng, step-through type situation (Boccia et al., 2004; Blake et al.,
008), which utilizes the natural preference of mice for a dark
nvironment. The apparatus consists of a dark compartment
20�20�15 cm3) with a stainless-steel grid floor and a small (5�5
m2) illuminated, elevated platform attached to its front center.
he mice were not exposed to the dark compartment before the

earning trial. During training each mouse was placed on the
latform and received a footshock as it stepped into the dark
ompartment. Two footshock training conditions were used: a low
ootshock (0.8 mA, 50 Hz, 1 s) which yielded median retention
cores of approximately 100 s, and a high footshock (1.2 mA, 50
z, 1 s) which yielded median retention scores at the ceiling and
as used to reduce the influence of extinction on retention per-

ormance (Boccia et al., 2004, 2006).
At the times indicated for each experimental group, the reten-

ion tests were performed. Each mouse was placed on the plat-
orm again and the step-through latency was recorded. The re-
ention test was finished either when the mouse stepped into the
ark compartment or failed to cross within 300 s (ceiling score). In
he latter case the mouse was immediately removed from the
latform and assigned a score of 300 s (ceiling score). In the
etention test session the footshock was omitted.

ntra-dorsal-hippocampal injections

ice were prepared (Boccia et al., 2004, 2006, 2007) for the
ntra-dorsal-hippocampal injections of vehicle or drug solutions
8 h before training, so that a minimum of time was necessary for

njection, which was administered under light ether anesthesia in
stereotaxic instrument. The preliminary surgery was also per-

ormed under ether anesthesia and consisted of an incision of the
calp. Two holes were drilled in the skull without perforating the
rain, at the following stereotaxic coordinates AP: �1.50 mm
osterior to bregma, L/R�1.20 mm from the midsagital suture and
V: �1.75 mm from a flat skull surface (Franklin and Paxinos,
997), to bilaterally infuse the drugs after recovery. The skull was
overed with bone wax and the mouse was returned to its home
age. Injections lasted 90 s and were driven by hand through a
0-gauge blunt stainless steel needle attached to a 5 �l Hamilton
yringe with PE-10 tubing. The volume of each intrahippocampal
nfusion was 0.5 �l. Control injections were applied to the primary
omatosensory cortex, forelimb region (Boccia et al., 2007) at the
ollowing stereotaxic coordinates: AP (0.62 mm anterior to
regma), L/R (2.50 mm from the midsagital suture), and DV
�1.50 mm) (Franklin and Paxinos, 1997).

The accuracy of intra-dorsal-hippocampal injections was de-
ermined by histological determination of the needle position on an
nimal-by-animal basis. For this purpose, the brains of injected
nimals were dissected, fixed in 4% parafomaldehyde/ buffer
hosphate saline, and stored in 30% sucrose. They were then cut

nto 25 �m coronal sections with a cryostat. The deepest position
f the needle was superimposed on serial coronal maps (Franklin
nd Paxinos, 1997). Coronal sections containing the deepest
each of the needle were Nissl stained to estimate the damage
roduced during the procedure (Fig. 1). Animals were excluded
rom the statistical analysis if the infusions caused excessive
amage to the targeted structure or if the needle tips extended

utside the target structure.
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ata analysis

ata are expressed as median latencies (sec) to step-through and
nterquartile ranges during the retention test and were analyzed,
hen appropriate, with the nonparametric analysis of variance of
ruskal–Wallis. The differences between groups were estimated
y individual Mann–Whitney U-tests (two-tailed) (Siegel, 1956). In
ll cases, P�0.05 values were considered significant.

xperimental groups

n the first experiment, four groups of 10 mice each were trained
ith a low footshock; 2 days after training the mice were subjected

o the first retention test. Immediately after the test, mice received
bilateral intra-dorsal-hippocampal infusion of saline (SS) or cho-

ig. 1. Coronal brain image is adapted from the atlas of Franklin and
axinos (1997). The symbols indicate the position of the injection in

he hippocampus corresponding to the first experiment (� SS � Ch
.30 ‘ Ch 0.80 � Ch 1.30 �g/hippocampus) (see Fig. 2A). The last
oronal section (Nissl stained) shows the trace of the needle (repre-
entative image).
ine (0.30–1.30 �g/hippocampus). Mice were tested again one t
ay and 21 days after training. The results of this experiment are
hown in Fig. 2A.

A similar experimental protocol was performed using over-
einforced mice during the training trial (high footshock) (see IA
ask). The results of this experiment are shown in Fig. 2B.

In the second experiment, in order to test whether Ch effects
n post reactivation memory processes are specific, four groups
f 10 mice each were trained on the IA task. Half of them received
he mild foot shock and 48 h later they received intra-dorsal
ippocampal infusion of either SS or Ch (0.80 �g/hippocampus).
he remaining groups were trained with the high footshock and
eceived either SS or Ch (1.3 �g/hippocampus) 48 h later. Twenty-
our hours later all groups were tested for retention. Note that in
his experiment, memory was not reactivated before infusions
Fig. 3A).

The next experiment was performed in order to test whether
he Ch effects on memory reactivation were time-dependent. For
his purpose four different groups of mice were trained following
he same training protocol as the one described above. Memory
as reactivated 48 h after training and infusions were given 3 h
fter reactivation. All groups were tested again for retention 24 h

ater (Fig. 3B).
In the following experiment, we performed intra-dorsal hip-

ocampal administration of MLA, an �7 receptor antagonist (Al-
uquerque et al., 2009), to further investigate the involvement of
ippocampal �7-nicotinic receptors in post-reactivation memory
rocesses. Again, we used two different footshock intensities
uring the training session, and replicated the experimental pro-
ocol described for choline. A dose-response curve was accom-
lished with 1, 10 and 30 �g MLA infused into the hippocampus.
ice not undergoing memory reactivation were infused with MLA

10 �g/hippocampus) 48 h after training; the same dose was used
or mice receiving the infusion 3 h after the first retention test. The
esults of these experiments are shown in Fig. 3A, B and Fig. 4A, B.

To gain more insight about the possible participation of �7-
icotinic receptor subtype in post-reactivation memory processes,
e also studied the interaction between Ch (agonist) and MLA

antagonist) (Albuquerque et al., 2009) when given immediately
fter memory reactivation. Thus, five groups of 10 mice each were
rained with a low-intensity footshock. After the first retention test,
erformed 48 h after training, mice received intra-dorsal hip-
ocampal injections of saline (0.5 �l), MLA (10 �g), or MLA (10
g) plus Ch (0.30–1.30 �g) as a single injection, and were tested
gain 72 h after training. Note that the dose of MLA (10 �g)
mployed in this experiment impaired retention either when given
o mice that were trained with a low or a high footshock. The
esults of this experiment are shown in Fig. 5.

Finally, three groups of 10 mice each were trained with a low
ootshock, and tested 48 h after training. Immediately after it they
eceived an injection of saline (0.5 �l), Ch (0.80 or 1.30 �g/
ippocampus), or MLA (10 �g/hippocampus) in the somatosen-
ory cortex, forelimb region, and were tested again 72 h after
raining. The same experimental protocol was used for mice
rained with a high footshock (Fig. 7A, B).

RESULTS

tep-through latencies among all of the groups during
raining were not significantly different (TSTL�12 (8–12);

(37)�9.38; P�0.05).

ffects of choline on reactivated memory

he results of the first experiment are shown in Fig. 2.
ntra-dorsal hippocampal injections of Ch administered im-
ediately after the first retention test (T1) significantly

nfluenced retention performance in a subsequent reten-

ion test (T2). The effect was strongly dependent on the
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ig. 2. Effects of intra dorsal hippocampal infusion of Choline (Ch 0.08–1.30 �g) on retention performance when given immediately after retrieval in mice
rained either with a mild-footshock (A) or a high footshock (B). Each bar represents the median and interquartile range (n�8–10 mice/group). Test numbers
epresent successive tests. ** P�0.01, in all cases compared with its respective control test number (of SS control group); # P�0.05 and ## P�0.01, in all

ases compared with T1 (Mann–Whitney U-test, two tailed). Above each graph the behavioral experimental scheme is represented.
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ig. 3. Effects of intra dorsal hippocampal infusion of Choline (0.80 or 1.30 �g) on retention performance when given 48 h after training in absence
f memory reactivation (A) or when delayed 180 min after memory reactivation (B). Each bar represents the median and interquartile range (n�8–10

ice/group). Test numbers represent successive tests. Above each graph the behavioral experimental scheme is represented.
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ig. 4. Effects of intra dorsal hippocampal infusion of methyllycaconitine (MLA 1.0–30.0 �g) on retention performance when given immediately after retrieval
n mice trained either with a mild-footshock (A) or a high footshock (B). Each bar represents the median and interquartile range (n�8–10 mice/group). Test
umbers represent successive tests. ** P�0.01, in all cases compared with its respective control test number (of SS control group); ## P�0.01, when

ompared with T2 (of MLA 1.0 and MLA 30.0 �g) (Mann–Whitney U-test, two tailed). Above each graph the behavioral experimental scheme is represented.
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ig. 5. Effects of intra dorsal hippocampal infusion of methyllycaconitine (MLA 10.0 �g) on retention performance when given 48 h after training in
bsence of memory reactivation (A) or when delayed 180 min after memory reactivation (B). Each bar represents the median and interquartile range

n�8–10 mice/group). Test numbers represent successive tests. Above each graph the behavioral experimental scheme is represented.
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ootshock intensity used in the training trial. Thus, there
as an overall significant dose-response effect (H(3)�
7.03; P�0.01) of choline on retention performance of
ice that received a low footshock during the training trial

Fig. 2A). Post-reactivation Ch injections enhanced reten-
ion performance in a dose-related manner, and statistical
ignificance was reached at the doses of 0.30 and 0.80
g/hippocampus (P�0.05, and P�0.01, respectively, in
oth cases as compared with T1). The higher dose of Ch
1.30 �g/hippocampus) was ineffective; thus, the dose-
esponse curve was bell-shaped (Fig. 2A). The enhancing
ffect of Ch (0.80 �g/hippocampus) persisted up to 21
ays after training (P�0.01 vs. saline-treated control
roup; Fig. 2A). In addition, mice that were injected with Ch
0.80 �g/hippocampus) 48 h after training, but did not
xperience the reactivation session, performed as well as
he saline-treated group (P�0.05) on T2 (Fig. 3A). No
ffect of Ch was observed when the Ch (0.80 �g/hip-
ocampus) injection was delayed 180 min after the end of
he first retention test (Fig. 3B). In contrast, Ch adminis-
ered immediately after the first retention test (T1) to mice
rained with a high footshock, significantly reduced retention
erformance in the subsequent (T2) retention test (Fig. 2B).
he effect of intrahippocampal Ch was dose-dependent.
hus, the doses of 0.80 and 1.30 �g/hippocampus signifi-
antly impaired retention performance (P�0.01, in both
ases as compared with the first retention test), whereas the
oses of 0.08 and 0.30 �g/hippocampus were without effect
P�0.05, in both cases compared the first retention test) (Fig.
B). Choline-treated mice (0.30, 0.80 and 1.30 �g/hippocam-
us) trained with a high footshock exhibited a significant

mpairment of retention performance on 21-day test (T3)
P�0.01, in all cases compared with saline control group, Fig.
B). When Ch (1.30 �g/hippocampus) was administered
8 h after training without memory reactivation, retention
erformance was not affected (P�0.05) (Fig. 3A). Retention

atencies were not affected when Ch administration (1.30
g/hippocampus) was delayed 180 min after the first reten-

ion test (P�0.05, Fig. 3B).

ffects of methyllycaconitine on reactivated memory

ethyllycaconitine impaired retention performance on T2
sing either mild- or high-footshock during training and this

mpairment was dose-dependent (Fig. 4A, B). However
hen mice were trained with the mild footshock the lower
ose (1.0 �g/hippocampus) did not reach statistical signif-

cance (Fig. 4A); on the contrary, MLA impaired retention
erformance at all doses employed in mice trained with the
igh footshock (Fig. 4B). Moreover, the impairment ob-
erved in those mice infused with MLA was evident even
1 days after training, using both training conditions (Fig.
A, B; T3), suggesting a lack of spontaneous recovery.

Methyllycaconitine did not affect retention performance
hen infusions were given in the absence of memory

eactivation or when infused 180 min after it (Fig. 5A, B).
hese results suggest that MLA effects could not be attrib-
table to non-specific effects and, moreover, that MLA
ffects are not only dose-but also time-dependent, despite

he footshock. 2
ethyllycaconitine—choline interaction

ethyllycaconitine impaired retention performance when
nfused immediately after memory reactivation (Fig. 6).

LA effects were dose-dependently reversed by choline
Fig. 6) suggesting that MLA and Ch interact at the
7nAChR and that this receptor seems to be critically

nvolved in memory processes occurring immediately after
etrieval.

Furthermore, we performed an anatomical control ex-
eriment in which animals were injected post-T1 with Ch or
LA in the primary somatosensory cortex, forelimb region.

n this experiment, retention performance was not affected
Fig. 7A, B) using either a mild or a high footshock during
raining, supporting the site-specific effect of Ch/MLA on
emory retention.

DISCUSSION

cetylcholine signaling has been implicated in a number of
earning and memory processes (Decker and McGaugh,
991; Fibiger, 1991; Gallagher and Colombo, 1995). In this
ense, it is well known that endogenous ACh is necessary
or long-term memory consolidation (Boccia et al., 2004),
emory retrieval (Boccia et al., 2003), memory extinction

Boccia et al., 2009), and memory reconsolidation (Boccia
t al., 2004, 2006). In general, muscarinic and nicotinic
eceptor agonists enhance (Fibiger, 1991; Prado-Alcalá et
l., 1993; Power et al., 2003), and muscarinic and nicotinic
eceptor antagonists impair learning and memory (Power
t al., 2003), with particular effects on memory consolida-
ion (Power et al., 2003).

In the last years there has been increased interest in
he role of the nicotinic cholinergic neurotransmission in
ognition processes, triggered, at least in part, by its sig-
ificantly reduced activity in the brains of Alzheimer’s dis-
ase patients (Oddo and LaFerla, 2006), and by some
linical studies demonstrating that (-)-nicotine might im-
rove cognitive function in those patients (Levin et al.,
006).

The present study points to a key participation of the
7nAChR subtype on memory reactivation-induced pro-
esses (Nader et al., 2000; Boccia et al., 2004), probably
emory reconsolidation, which is consistent with previous

ndings suggesting a role of ACh in those processes (Boc-
ia et al., 2004, 2006).

Post-reactivation administration of the �7 receptor ag-
nist Ch (Albuquerque et al., 2009), improves or impairs
etention performance in a subsequent retention test de-
ending on the intensity of the unconditioned stimulus
sed during the training trial. In mice trained with a low foot
hock, post-reactivation bilateral intra-dorsal hippocampal

njections of Ch enhanced retention performance. A nec-
ssary criterion to consider an effect on memory reconsoli-
ation is that the procedure employed, Ch injections in our
ase, must be effective only following memory reactivation
Nader et al., 2000). It is also necessary to demonstrate a
ost-retrieval time-window of susceptibility of the original
onsolidated memory following its retrieval (Alberini et al.,

006). Both criteria were achieved under our experimental
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onditions and, in addition, the effects of Ch on reactivated
emories were dose-dependent. Retention performance
nhancement did not vary in a monotonic way as a func-

ion of the Ch doses; rather, the dose-response curve was
n the form of an inverted-U (Fig. 2A). This type of curve is
ypically observed for drug treatments given immediately
fter training (McGaugh and Roozendaal, 2009), and is
ost likely the result of the neuromodulatory influences
xerted by such treatments on memory consolidation of
ewly acquired information (McGaugh, 2000; McGaugh
nd Roozendaal, 2009), and could indicate that similar
odulatory effects occur during memory reconsolidation

Boccia et al., 2004, 2005). These post-reactivation effects
f Ch on memory are, in general, in accordance with those
reviously reported by Gordon (1977); Horne et al. (1997),
nd Rodriguez et al. (1999), who employed different meth-
dological approaches and post-reactivation treatments. In
ddition, the enhancement of retention induced by the
ptimal dose of Ch, that is the dose that produced the
aximal effect, was long-lasting. This finding is similar to

hose reported for other drug treatments administered im-
ediately after training to mice trained with a low foot

hock in the IA task (Kopf and Baratti, 1994; Boccia and
aratti, 2000). On the contrary, it is worth pointing out that,

ig. 6. Effects of intra dorsal hippocampal infusion of choline (Ch 0
mpairment. MLA and Ch were given immediately after memory reactiv
ar represents the median and interquartile range (n�8–10 mice/grou
ompared with its respective control test number (of SS control group).
bove each graph the behavioral experimental scheme is represente
n those mice trained with a high footshock, intra-dorsal- A
ippocampal infusions of the same dose of Ch impaired
etention performance.

These apparently contradictory effects of Ch, when
dministered immediately after reactivation, on retention
erformance depending on the training conditions are very
imilar to those reported by Gold and van Buskir (1976). In
hat case, a dose of epinephrine that enhanced retention
erformance after low-footshock training produced amne-
ia if administered after high-footshock training. Accord-

ngly our results are very similar, but in our case Ch was
dministered immediately after retrieval. We can speculate
hat post-retrieval treatments have important roles in mod-
lating memory processes occurring after retrieval and
eem to be very similar, though not identical (see Introduc-
ion), to that occurring after learning.

Methyllycaconitine, an �7nAChRs antagonist (Albu-
uerque et al., 2009), impaired retention performance in
ice trained either with a mild or a high footshock when

nfused immediately after retrieval. In both cases, retention
erformance impairment varied as a function of the dose

nfused, although a tendency toward a U-shaped curve
ould be observed when mice were trained with a high
ootshock (Fig. 4B). Lack of spontaneous recovery sug-
ests that MLA effects were long lasting (Bouton, 1993).

�g) on methyllycaconitine (MLA 10.0 �g) memory reconsolidation
A memory impairment was dose-dependently reversed with Ch. Each
umbers represent successive tests. * P�0.05, ** P�0.01, in all cases
1, in all cases compared with MLA (10 �g/hippocampus) treated mice.
.30–1.30
ation. ML
p). Test n
##
dditionally, MLA effects were not observed in the ab-
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ence of memory reactivation or when infusions were de-
ayed 3 h after reactivation. Altogether, these results sug-
est that either impairment or enhancement of retention

nduced by post-retrieval administration of the drugs re-
pectively, could not be attributed to non-specific influ-
nces on performance (Nader et al., 2000; Milekic and
lberini, 2002; Tronson et al., 2006).

Methyllycaconitine effects on memory reconsolidation
ere dose-dependently reversed by Ch when co-infused
ilaterally immediately after memory reactivation, suggest-

ng a potential pharmacological interaction at �7nAChR
evel and, moreover, involving this receptor critically on
ost retrieval memory processes.

No impairment of retention performance was observed
n control experiments where either Ch or MLA were in-
used in the somatosensory cortex, forelimb regions in
ice trained in both conditions (mild and high footshock). It

s already known that �7nAChRs are present in the so-
atosensory cortex (Metherate, 2004), although these so-
atosensory nicotinic receptors do not seem to be in-

olved in reconsolidation of inhibitory avoidance memory.
oreover, this lack of effect indicates some specificity for

he locus of the drug-reconsolidation effect (hippocampus),
lthough other brain areas should also be taken into
onsideration.

Methyllycaconitine effects on memory reconsolidation
re in accordance with previous results obtained with post-
etrieval i.c.v. injections of hemicholinium-3, a central in-

ig. 7. Effects of choline (Ch 0.80 or 1.30 �g) and methyllycaconitin
e-exposure in mice trained either with a mild- or a high-footshock (
ubsequent test performed 24 h after infusion independently of the
n�8–10 mice/group). Test numbers represent successive tests.
ibitor of ACh synthesis (Boccia et al., 2004), with the 2
xposure of the experimental subjects to a new learning
ituation immediately after retrieval (Boccia et al., 2005),
nd with post-retrieval intrahippocampal injections of an

nhibitor of the transcription factor NF-�B (Boccia et al.,
007). They are also in accordance with those reported by
ther authors using different pharmacological treatments
Bustos et al., 2006; Milekic and Alberini, 2002).

The amnesia found here should be a consequence of
ne of two possibilities: a storage deficit similar to the type
f deficit assumed to occur after consolidation blockade, or
retrieval or performance deficit similar to that observed

ollowing extinction of conditioned fear (Dudai and Eisen-
erg, 2004). Reversal of amnesia could be studied and
haracterized by four experimental behavioral protocols:
pontaneous recovery, saving, reinstatement and renewal
Holland and Bouton, 1999). If amnesia can be reversed,
hen it is likely that the original memory was still present,
ut was not behaviorally expressed, due to retrieval

mpairment.
The present results, at first glance, support a storage

eficit interpretation, and are consistent with the memory
econsolidation hypothesis (Misanin et al., 1968). Alterna-
ive explanations to our results should consider that re-
xposure to a previously learned situation could trigger
xtinction, the progressive decrease in the conditioned
esponse resulting from repeated conditioned stimulus
resentation without reinforcement (Myers and Davis,

0.0 �g) infusion in the forelimb primary somatosensory cortex after
pectively). Neither Ch nor MLA affected retention performance in a
conditions. Each bar represents the median and interquartile range
e (MLA 1
A, B res
002, 2007). Further, extinction clearly implies a new
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earning and not unlearning of the original memory (Myers
nd Davis, 2007).

This appears to be not exactly the case in MLA treated
ice, since there was an acute drop in retention perfor-
ance from T1 to T2, enduring until the last retrieval

ession. Since it has been consistently found that MLA
mpaired either learning, memory or attention in different
pecies and several learning task (Martí Barros et al.,
004; Levin et al., 2006), it seems unlikely that MLA could
e enhancing consolidation of the extinction memory.

As we did not find recovery of retention performance at
east 21 days after training in mice treated with MLA, our
esults suggest that there could be a disruption of the
emory trace rather than a retrieval deficit. This evidence

s consistent with other studies showing absence of spon-
aneous recovery when different disrupting manipulations
fter memory retrieval were performed (Boccia et al., 2004,
005; Bustos et al., 2006; Debiec and Ledoux, 2004; Du-
arci and Nader, 2004), but it is in conflict with other
eports, in which the use of multiple retention tests or
ncreasingly long retention test delays after memory reac-
ivation, leading to an initial retention deficit followed by
emory recovery (Lattal et al., 2004; Power et al., 2006;
rado-Alcalá et al., 2006).

The effects observed after the administration of the
7nAChR agonist were opposite for both training condi-

ions: post-reactivation Ch infusion led to performance en-
ancement in mice trained with a low footshock, but
aused performance impairment in mice trained with the
igh footshock. The improvement observed for the low
ootshock training condition would be difficult to explain in
erms of impairment of memory extinction. The develop-
ent of an extinction phenomenon should lead to a pro-
ressive decrease in retention performance, and its impair-
ent should block this decrease. In other words, retention
erformance in T2 should remain similar to or less than
erformance in T1, but never enhanced. Hence, this result
ould be explained through a facilitation of memory recon-
olidation. The acute drop in retention performance ob-
erved from T1 to T2 after administration of the �7nAChR
ntagonist MLA is also in accordance with this interpreta-
ion, because if this drop had been caused by memory
xtinction improvement, then the reduction should have
een progressive, not at once.

On the contrary, the high footshock training condition
ed to performance impairment, both after post-reactivation
dministration of the �7nAChR agonist and the antagonist.
s it was previously mentioned for the low footshock train-

ng condition, the acute drop observed from T1 to T2 after
he administration of MLA could be interpreted as memory
econsolidation impairment. However, post-reactivation
dministration of Ch led to a slight decrease of retention
erformance. Although we cannot provide a comprehen-
ive explanation for this fact, it might be because of the
acilitation of memory extinction rather than to impairment
f memory reconsolidation. Hence, we cannot definitively
iscard a possible retrieval deficit yet, because having
imply a poor performance does not mean absence of

emory (Cahill et al., 2001). m
At this point, it is worth pointing out that during the first
etention test, 90–95% of mice trained with the high foot-
hock did not enter the dark compartment; the opposite
appened with mice trained with the mild footshock. Ac-
ordingly, mice not entering the dark compartment did not
xperience the CS—no US association (extinction train-

ng). However, it is important to mention that the mere
xposure to the CS could be an extinction trial. Indeed, we
ave published that mice trained with the high footshock
xtinguish the avoidance response and, in order to do that,
hey need between four and five extinction training and/or
eactivation sessions (Baratti et al., 2008).

The fast desensitization of �7nAChRs after its activa-
ion (Fenster et al., 1999; Mike et al., 2000; Quick and
ester, 2002; Gay et al., 2008) makes it difficult to distin-
uish between truly agonistic and antagonistic effects of an
7nAChR targeted drug. In fact, agonist efficacy in vivo is
ard to reconcile with rapid �7nAChR desensitization in
itro and it is not clear whether the cognitive effects are the
esult of receptor activation per se or activation-induced
eceptor desensitization (Banerjee et al., 2005). Then, the
ossibility that agonists of this receptor actually function in
ivo as inhibitors via desensitization has not been defini-
ively resolved (but see Briggs et al., 2009). Nevertheless,
t is likely that MLA and Ch are acting at the same site,
ince MLA effects were reversed with increasing doses of
h and, furthermore, Ch effects were attenuated when
o-infused with MLA (see Figs. 2A, B and 6).

The �7nAChR is highly expressed in the hippocampus
nd cerebral cortex (Albuquerque et al., 2009). The hip-
ocampal �7nAChR acts as a presynaptic modulator of
elease of GABA and glutamate independently of its exci-
atory post-synaptic effects (Gray et al., 1996; Radcliffe et
l., 1999). Methyllycaconitine or Ch effects on memory
econsolidation could be mediated through pre-synaptic
ffects on release of other neurotransmitters and/or post-
ynaptic effects; however, a resolution to this question is
eyond the scope of the present paper. Studies are in
rogress in order to elucidate whether pre and/or post-
ynaptic effects of �7nAChR contribute to modulate post-
etrieval memory processes.

Another approach to study the potential participation
f �7nAChR on memory processes might be the use of
7nAChR knockout mice. However, the employment of

hese mice to study memory reconsolidation processes is
imited since there are several studies reporting that these

ice have impaired acquisition on different learning tasks
Young et al., 2004; Keller et al., 2005).

As was stated before, hippocampal �7nAChRs seem
o be critically involved in working memory and also in
cquisition, consolidation of STM and LTM, as well as
etrieval of LTM of an inhibitory avoidance response (Ohno
t al., 1993; Felix and Levin, 1997; Levin et al., 1996; Martí
arros et al., 2004).

Our results suggest that �7nAChRs in the hippocam-
us also participate in memory reconsolidation of an inhib-

tory avoidance response in mice. These findings may
ave important implications for understanding dynamic

emory processes since this is the first report of evidence
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hat a specific receptor (�7nAChR) is able to modulate
enhance or impair) consolidated memories after retrieval.
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