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EMORY CONSOLIDATION AND RECONSOLIDATION IN AN

NVERTEBRATE MODEL: THE ROLE OF THE GABAergic SYSTEM

a
t

i
i
d
b
l

K

C
d
t
a
v
a
w
m
f
K
M
b
l
a

t
a
m
l
S
e
t
c
S
(
t
l
r
m
b

i
(
i
c
a
d
G
r

. CARBÓ TANO,a V. A. MOLINA,b H. MALDONADOa

ND M. E. PEDREIRAa*

Laboratorio de Neurobiología de la Memoria, Departamento de Fisi-
logía y Biología Molecular y Celular, IFIBYNE-CONICET, Pabellón II,
acultad de Ciencias Exactas y Naturales (C1428EHA), Universidad
e Buenos Aires, Buenos Aires, Argentina

Departamento de Farmacología Facultad de Ciencias Químicas, Uni-
ersidad Nacional de Córdoba, Haya de la Torre y Medina Allende,
iudad Universitaria 5000, Córdoba, Argentina

bstract—Consolidation theory assumes that memories are
abile during a limited time window after acquisition, but as
ime passes, memories become stable and resistant to am-
esic agents. However, the vision of immutable memories
fter consolidation has been challenged. Thus, after the pre-
entation of a reminder, the reactivated old memories be-
ome labile and again susceptible to amnesic treatments.
his process implies a re-stabilization phase, usually referred
o as reconsolidation.

Gamma-aminobutyric acid (GABA) is the major inhibitory
eurotransmitter both in the Central nervous system (CNS)
nd in the periphery. A considerable amount of evidence has
risen from different studies regarding the role of the GABAA

eceptor in diverse behavioral paradigms and tasks. Here, we
nvestigate the role of the GABAergic system on both mem-
ry consolidation and reconsolidation phases by using the
emory paradigm of the crab Chasmagnathus. In order to

chieve such a goal, we design pharmacological-behavioral
xperiments, which include the administration of classic ag-
nist (muscimol) and antagonist (bicuculline) of the mam-
als GABAA receptors. The current results show that the

ystemic administration of muscimol impairs the consolida-
ion and reconsolidation processes. In contrast, the admin-
stration of bicuculline improves the consolidation and re-
onsolidation processes. Furthermore, the co-administration
f both drugs blocks the agonist amnesic effect on the con-
olidation phase.

The ubiquity of the neurotransmitter and its receptors in
he animal taxa allows us to use the classic agonist-and-
ntagonist administration procedure in this invertebrate.
hus, all the results reported in this paper can be judged as

Corresponding author. Tel: �54-11-45763348.
-mail address: mpedreira@fbmc.fcen.uba.ar (M. E. Pedreira).
bbreviations: ANOVA, analysis of variance; BMI, bicuculline; BMI15,

njected with 15.4�10�3 �g/g of bicuculline; BMI15-VDS, injected with
5.4�10�3 �g/g of bicuculline and confronted with the visual danger
timulus during the last minute; COC, cocktail; CSM, context-signal
emory; MUS, muscimol; SAL, crustacean saline solution; ST, strong

raining; T, trained groups; T-BMI1.5, trained group that received bicu-
ulline doses of 1.54�10�3 �g/g; T-BMI15, trained group that received
icuculline doses of 15.4�10�3 �g/g; T-MUS1.5, trained group that re-
eived 1.5 �g/g of muscimol; T-SAL, trained group treated with saline; U,
ntrained groups; U-BMI15, untrained group receiving 15.4�10�3 �g/g of
icuculline; U-MUS1.5, untrained group that received 1.5 �g/g of musci-
a
ol; U-SAL, untrained saline-control group; VDS, visual danger stimulus;
T, weak training.
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result of the modulation exerted by the functional state of
he GABAergic system in the CNS.

To conclude, the results obtained in this report with an
nvertebrate model represent additional evidences support-
ng the view that some molecular mechanisms subserving
ifferent memory phases could be the basic tools employed
y phylogenetically disparate animals. © 2009 IBRO. Pub-

ished by Elsevier Ltd. All rights reserved.

ey words: Chasmagnathus, GABA, memory, facilitation, CNS.

onsolidation theory assumes that memories are labile
uring a limited time window after acquisition, but as

ime passes, memories become stable and resistant to
mnesic procedures, including pharmacological inter-
ention (McGaugh, 2000). This passage from a labile to
stable state requires a cascade of intracellular events
hich result in the passage of transient to persistent
odifications (McGaugh, 2000; Dudai, 2004). Evidence

rom invertebrate species (Tully et al., 1994; Abel and
andel, 1998; Tully, 1998; Alberini, 1999; Muller, 2000;
enzel, 2001; Maldonado, 2002), supports the view that
oth memory consolidation and the cascade of intracel-

ular events underlying this process are preserved
cross evolution (Carew, 2000).

Since the early work of Misanin et al. (1968) more than
hree decades ago, there has been renewed interest in
nother memory phase. Thus, the vision of immutable
emories after consolidation has been substantially chal-

enged as a result of several studies (Przybyslawski and
ara, 1997; Nader et al., 2000; Debiec et al., 2002; Suzuki
t al., 2004). These reports show that after the presenta-
ion of a specific reminder, reactivated old memories be-
ome labile and again susceptible to amnesic treatments.
uch vulnerability diminishes with the progress of time

Nader et al., 2000; Sara, 2000) and implies a re-stabiliza-
ion phase, usually referred to as reconsolidation (Przybys-
awski et al., 1999). Moreover, it has been proposed that
econsolidation shares many of the cellular and molecular
echanisms used during consolidation (Dudai and Eisen-
erg, 2004; Alberini, 2005).

Gamma-aminobutyric acid (GABA) is the major inhib-
tory neurotransmitter both in the Central nervous system
CNS) and in the periphery (Erdo et al., 1986). It was first
dentified as the neurotransmitter located in the neuromus-
ular junction of the crayfish (Iwasaki and Florey, 1969). It
cts on GABAA and GABAC ionotropic receptors (Mac-
onald and Olsen, 1994; Zhang et al., 1995), as well as on
ABAB metabotropic receptors (Kerr and Ong, 1995). In

ecent years a considerable amount of evidence has

risen from different studies regarding the role of the

mailto:mpedreira@fbmc.fcen.uba.ar
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ABAA receptor in diverse behavioral outcomes using a
ariety of paradigms and tasks (Paredes and Agmo, 1992;
hapouthier and Venault, 2002).

Findings from those studies using different memory
aradigms such as inhibitory avoidance (Jensen et al.,
979; Bonetti et al., 1982), spatial water maze (McNaugh-
on and Morris, 1987; McNamara and Skelton, 1991) and
adial arm maze (Hodges and Green, 1986; Stackman and

alsh, 1995) indicate that systemic administration of ben-
odiazepines (a positive modulator of GABAA) induces
mnesia in rats and mice. Moreover, systemic injection of
uscimol (MUS) (a GABAA agonist) produces a dose-
ependent impairment of memory retention in diverse
asks (Brioni, 1993).

Breen and McGaugh (1961) were the first to investi-
ate the effect of picrotoxin, a GABAA antagonist, on mem-
ry processes. These authors observed that the post-
raining administration of this drug facilitated memory for-
ation. In other studies, memory storage was positively
odulated when the antagonists were administered either

hortly before or shortly after the training phase (Brioni et
l., 1989; Clements and Bourne, 1996; Chapouthier and
enault, 2002; Luft et al., 2004).

Regarding the reconsolidation phase Bustos et al.
2006) showed an amnesic effect following the administra-
ion of a short-acting benzodiazepine, midazolam, during
he labilization–reconsolidation process using a contextual
ear conditioning paradigm in rats. However, to the best of
ur knowledge, there are no reports evaluating the influ-
nce of the antagonism of GABAA sites on memory recon-
olidation.

In summary, compounds that augment GABAergic
ransmission acting at the GABAA receptor complex such
s MUS or benzodiazepines, impair the consolidation or
econsolidation processes. In contrast, compounds which
lock or diminish GABAergic transmission enhance the
emory consolidation process (Paredes and Agmo, 1992;
hapouthier and Venault, 2002).

It is necessary to take into consideration two issues
hich have already been mentioned. First, the initial de-
cription of GABA as an inhibitory neurotransmitter ap-
eared in the giant neurons of the crayfish (Iwasaki and
lorey, 1969). After that, a large number of reports showed

he role of GABA in a wide number of systems and species
Roberts, 2000; Florey, 1991; Del Castillo et al., 1967;
tsuka et al., 1966; Kravitz et al., 1963).

Second, results obtained with invertebrate species
end support to the view that both the memory consolida-
ion phase after acquisition and the cascade of intracellular
vents subserving consolidation are preserved across
volution (Abel and Kandel, 1998; Alberini, 1999; Tully et
l., 1994; Tully, 1998; Muller, 2000; Menzel, 2001; Maldo-
ado, 2002). This persistence does not necessarily imply
hat the receptors share the same subunits, similar circuit
rganization or identical intracellular events to consolidate
he memory.

Moreover, in mammals, the role of excitatory neuro-
ransmitters as glutamate and noradrenaline has been well

escribed in memory consolidation. Indeed, the adminis- r
ration of agonists and antagonists enhances and impairs,
espectively, this memory phase (Breen and McGaugh,
961; Brioni and McGaugh, 1988; Brioni et al., 1989; Cas-
ellano et al., 1989). Other neuromodulatory systems, in-
luding the GABAergic system, also modulate memory
onsolidation by regulating the release of the excitatory
eurotransmitters. In this case, administration of agonists
nd antagonists impairs and facilitates memory consolida-
ion, respectively. Regarding our previous research into
hasmagnathus, none of our studies has intended to de-

ermine the role of an inhibitory neurotransmitter in the
nemonic process.

Thus, the purpose of the present paper is to investigate
he role of the GABAergic system on both memory consol-
dation and reconsolidation phases by using the memory
aradigm of the crab Chasmagnathus, which has been
xtensively studied at behavioral and mechanistic levels
Maldonado, 2002).

In brief, the crab’s associative learning paradigm is
ased on its escape response elicited by the presentation
f a visual danger stimulus (VDS), an opaque rectangle
assing over the animal. Upon the iterative presentation of
DS, the crab’s escape-response declines and a strong

reezing-response is built up (Pereyra et al., 1999). The
esponse decrement lasts for at least 5 days (Lozada et al.,
990; Pedreira et al., 1995). The memory formed using this
aradigm is based on the association between the envi-
onmental features of the training site (the context) and the
eatures of the screen moving over the animal (the signal)
Tomsic et al., 1998), such memory was termed as the
ontext-signal memory (CSM). Studies performed on the
echanisms underlying consolidation have shown that
SM consolidation is blocked by protein synthesis inhibi-

ors (Pedreira et al., 1995, 1996; Hermitte et al., 1999);
ositively modulated by angiotensins (Delorenzi et al.,
996, 2000); selectively regulated by a muscarinic cholin-
rgic mechanism (Berón de Astrada and Maldonado,
999) and crucially mediated by N-methyl-D-aspartic acid
NMDA)-like glutamatergic receptors (Troncoso and Mal-
onado, 2002).

At the molecular level, it was demonstrated the cAMP
ignal pathway (Romano et al., 1996a,b; Locatelli et al.,
002), MAP kinases pathway (Feld et al., 2005) and the
F�-B transcription factor (Freudenthal et al., 1998;
reudenthal and Romano, 2000; Merlo et al., 2002) are

equired during CMS consolidation. Findings from studies
one to investigate the mechanisms underlying reconsolida-

ion showed a reliable CSM labilization by re-exposing the
nimals 5 min to the learning context 24 h after training. This

abilized memory is cycloheximide sensitive (Pedreira et al.,
002; Pedreira and Maldonado, 2003); positively modulated
y angiotensins (Frenkel et al., 2005); mediated by the NF�-B
ranscription factor (Merlo et al., 2005) and by NMDA-like
lutamatergic receptors (Pedreira et al., 2002).

It is important to note that in accordance with the
nterpretive model of CSM retrieval (Tomsic et al., 1998;
ermitte et al., 1999; Maldonado, 2002), re-exposure of a

rained crab to the learning context could evoke a CSM

epresentation that induces a freezing response as soon
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s the animal is faced with the VDS. Until the experimental
esigns to evaluate the CSM reconsolidation no previous
vidence had shown that such memory representation was
lready present before VDS display. However, the out-
ome obtained in reconsolidation experiments supported
his proposal. As a result, the mere reexposure to the
riginal learning context, even in the absence of VDS
resentation, is quite enough for an amnesic agent to

mpair reactivated memory. Finally, two other lines of ex-
eriments designed to evaluate the context specificity and
he circadian specificity suggested the relevance of other
omponents in the CSM. Indeed, a training-to-testing con-
ext shift abolished the CSM retention; and, the retention-
est performance was impaired in crabs tested at a time of
he day that differed from that of their original training,
egardless of the daily phase of the training and testing
ession or the extension of the intersession interval.

Thus, these findings strongly support the associative
ature of CSM and, specifically, the existence of an asso-
iative link between the signal and the context as a dis-
inctive feature of this memory process.

In particular, the current experiments are aimed to test
hether the crab’s CSM could be modulated by changes in

he functional tone of the GABAergic system during mem-
ry consolidation and reconsolidation. Hence, the demon-
tration that similar molecular mechanisms subserve both
emory phases along the phylogenetic-tree supports the

iew that such mechanisms could be common tools em-
loyed across evolution to promote adaptive changes in
hylogenetically very disparate animals (Carew, 2000).

EXPERIMENTAL PROCEDURES

nimals

nimals were adult male Chasmagnathus granulathus crabs 2.7–
.0 cm across the carapace, weighing around 17.0 g, collected
rom water less than 1 m deep in the rías (narrow coastal inlets) of
an Clemente del Tuyú, Argentina, and transported to the labo-

atory, where they were lodged in collective tanks (20 animals
ach). Water used in tanks and other containers during experiments
as artificial seawater prepared with hw-Marinex salt (Winex, Ger-
any; pH 7.4–7.6), salinity 10–14 ‰, and maintained within a range
f 22–24 °C. The holding and experimental rooms were maintained
n a 12-h light/dark cycle (light on 07:00–19:00 h). Animals were fed
ith rabbit pellets (Nutrientes S.A., Argentina) every 3 days and
fter feeding the water was changed. Experiments were carried
ut within the first week after the animals’ arrival, from January to
ugust, and between 08:00 and 18:00 h. Each crab was used only

n one experiment. Experimental procedures are in compliance
ith the National Institutes of Health Guide for Care and Use of
aboratory Animals (USA), and the Argentinean guidelines on the
thical use of animals. All the experiments performed in this work
ere planned minimizing the number of animals used and their
uffering.

pparatus

he apparatus is described in detail elsewhere (Maldonado, 2002).
riefly, the experimental unit was the actometer: a bowl-shaped
paque container with a steep concave wall 12 cm high (23 cm top
iameter and 9 cm floor diameter) covered to a depth of 0.5 cm with
arine water. The crab was lodged in the container, which was
uspended by three strings from an upper wooden framework v
23�23�30 cm) and illuminated with a 5-W lamp placed 30 cm
bove the animal. A motor operated screen (an opaque rectangular
trip of 25.0�7.5 cm) which was moved horizontally over the animal
yclically from left to right and vice versa. A trial lasted nearly 9 s and
omprised two successive cycles of movement. Screen displace-
ents provoked a running response of the crab and subsequent

ontainer vibrations. Four microphones were centrally attached to the
utside wall of the container, and these piezoelectric components
ecorded the vibrations produced by the animals’ response. These
ignals were amplified, integrated during each 9-s trial and translated
nto arbitrary numerical units ranging from zero to 5000. The activity
f every crab was recorded during each entire trial time. The exper-

mental room had 40 actometers, separated from each other by
artitions. A computer was employed to program trial sequences, trial
uration and intertrial intervals, as well as to monitor experimental
vents.

xperimental procedure and design

Experiments to determine the effective dose for each drug.
ach experiment was conducted to test the effective dose on the
onsolidation process, which lasted 2 days and included two
hases (training and testing sessions), each corresponding to 1
ay. Thirty to 40 crabs were included in each group. Day 1.
raining session. Each experiment included one untrained group
U) that was kept in the actometers during the entire training
ession (between 20 and 50 min) but without being trained, i.e.
ithout being presented the VDS; and three trained groups (T)

hat after being 5 min in the actometer without VDS (adaptation
ime), received 6 (weak-training, WT) or 15 (strong-training, ST)
rials with VDS separated by an intertrial interval of 3 min. The
ctometer used during training session is referred to as the stan-
ard context. Immediately after training an injection with saline
olution was administered to the U and to one of the T. Each of the
ther two T received a dose of the drug under study. During the

ntersession interval crabs were moved from the standard context
o be housed individually in the resting containers, i.e. plastic
oxes covered to a depth of 0.5 cm with water and kept inside
imly lit drawers, for 24 h. Day 2. Test session. Twenty-four hours
fter training, all crabs were placed again in the standard context
or 5 min followed by the test trial, i.e. the VDS presentation.

Experiments for the consolidation and reconsolidation processes.
ach experiment for the consolidation process included two
hases (training and testing session) and lasted 2, 3 or 5 days.
he experiments for reconsolidation included three phases (train-

ng, treatment and test session), each corresponding to 1 day; two
r three pairs of U–T were formed in each experiment, the proto-
ols of which differed basically in the pharmacological treatment.
ay 1. Training session. Each pair included one U that was kept

n the actometers during the entire training session (between 20
nd 50 min) but without being trained; and one T that after being
min in the actometer without VDS (adaptation time), received 6

r 15 VDS-trials—a WT or a ST respectively. During the interses-
ion interval crabs were moved from the standard context to be
oused individually in the resting containers for 24 h or 72 h. An

njection with saline or drug solution was given at diverse times
elative to the end of training for the consolidation experiments.
ay 2. Treatment session. This session is only included in the

econsolidation experiments. The core of this phase was the
rab’s re-exposure for 5 min to the standard context without VDS
resentation. In other experiments handling has implied either the
resentation of a VDS in the last minute or the exposure to a
ontext unlike that of the training session referred to as the differ-
nt context, consisting of a cylinder 15 cm high, 15 cm in diameter,
hose wall consisted of vertical black and white bands, and

lluminated as actometers. An injection with saline or drug solution
as given at diverse times regarding one of the maneuvers pre-

iously described, during the same day 2. Test session. Twenty-
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our hours or 48 h after training or treatment session, all crabs
ere placed again in the standard context for 5 min time followed
y the test trial, i.e. the VDS presentation.

election test

efore animals were placed in the actometers to start an experi-
ent, they underwent a selection test: Each crab was turned on its
ack and only those that immediately returned to their normal
osition were used. The rationale behind this selection is that
rabs with a slow correction reaction show a low responsiveness
o a large diversity of stimuli and, at a later time, they usually
resent unhealthy symptoms. No more than 5% of tested crabs
ere eliminated.

rugs and injection procedure

rustacean saline solution (SAL) (Hoeger and Florey, 1989) was
sed as a vehicle. Fifty microliters of saline or drug solution was
iven through the right side of the dorsal cephalothoracic–abdomi-
al membrane, by means of a syringe fitted with a sleeve to
ontrol depth of penetration to 4 mm, thus ensuring that the
njected solution was released in the pericardial sac.

We used MUS, a GABAergic agonist; it is a structural GABA
nalog, which bound to the same site of GABA (DeFeudis, 1981);
nd bicuculline (BMI) a competitive antagonist of GABA-receptor
Bormann, 2000). Both drugs were purchased from Sigma Co.

ata analysis

SM retention was assessed by focusing data analysis on test
rial scores, i.e. by estimating the difference between the response
evel of the T and that of the respective U of each pair. A T is said
o show memory retention when its mean response level at test
rial is statistically lower than that of the respective U. Rescorla
1988) convincingly argued in favor of using this sort of analysis
nstead of a paired training-testing comparison, stressing the need
o clearly distinguish between time of input (training session) and
ime of assessment (testing session).

In previous experiments at our laboratory, a significant differ-
nce (t-test, ��0.05) between T and U was invariably disclosed at
est trial (T�U), 24 h after training, proving that each group con-
isted at least of 30 crabs each and that they were given 15 or
ore training trials with 3 min of intertrial interval. Accordingly,
rediction has been feasible for a significant difference (T�U) at

est trial. In contrast, no significant differences were found be-
ween a U–T pair when the T-group received a WT, six trials with

min of intertrial interval. Therefore, results have been analyzed
sing a priori planned comparisons (LSD; Rosenthal and Rosnow,
985; Howell, 1987). For each experiment, which included two or
hree U–T pairs of groups, three or five comparisons were carried
ut: between the two or three U, and between the U–T pairs for
ach treatment. The set of planned comparisons was performed
ollowing a one-way analysis of variance (ANOVA) (��0.05). All
esponse scores were represented as the normalized means�the
tandard error of those means with respect to the untrained saline-
ontrol group (U-SAL). We analyzed the data using Statistica ’99
dition Windows 6.1 software package.

RESULTS

US impairs both consolidation and reconsolidation
rocesses

hese first series of experiments were conducted to analyze
he effect of MUS, a GABAA agonist, on the consolidation and
econsolidation phases. Based on findings from previous

eports in other memory paradigms, an amnesic effect of this i
rug was expected. Consequently, we used a ST protocol
15 VDS-trials) to induce a perdurable CSM (Maldonado,
002) in order to interfere with the consolidation or recon-
olidation phases by increasing the GABAergic-tone. The
rug’s effect was expressed by a decrease of retention in
he treated-drug pairs.

Experiment 1A was aimed to determine the effective
ose of MUS when administered immediately after the
SM training. This experiment (Fig. 1A, upper panel) had
n untrained control group (U) treated with saline solution
U-SAL) and three T: one trained group treated with saline
T-SAL) and the other two received doses of 1 �g/g (T-
US1) or 1.5 �g/g (T-MUS1.5) respectively. The training

ession for the T consisted of a ST (15 trials). Fig. 1A
lower panel) presents results corresponding to the test
rial for each group normalized with respect to the mean
esponse of the U-SAL group (ANOVA F(3,118)�2.9;
�0.001). Planned comparisons showed a significant dif-

erence for U-SAL vs. T-SAL (P�0.01) and U-SAL vs.
-MUS1 groups (P�0.05) outcomes that could be ex-
lained as memory retention. On the contrary, no signifi-
ant differences were found between U-SAL-injected vs.

trained group that received 1.5 �g/g of muscimol
T-MUS1.5), a result that can be interpreted as memory
mpairment (P�0.60). Based on this finding, this dose
eems to impair CSM consolidation. Therefore, the subse-
uent experiments explored the effect of this dose of MUS
1.5 �g/g) in the consolidation process.

Discarding unspecific drug effects, experiment 1B (Fig.
B, upper panel) was planned to evaluate the action of this
US dose on treating trained and untrained animals. The
xperimental design included two pairs of U–T, one pair was

reated with SAL (U-SAL and T-SAL) and the other pair
eceived 1.5 �g/g of MUS immediately after a ST on day 1.
ne day later, during the test session (ANOVA, F(3,189)�3.2;
�0.05) the outcome of the planned comparisons was dif-

erent for each pair of groups (Fig. 1B, lower panel). The
omparison of the SAL-injected pair revealed a significant
ifference, indicative of memory retention (P�0.01). Addition-
lly, there was no differences for the U comparison (P�3.13),

ndicating the lack of unspecific drug effects either on the
nimal’s behavior or health, a result observed throughout all

he experiments of these series. In contrast, the MUS1.5-
njected pair showed no significant differences (P�0.75),
hich was explained as an amnesic effect.

In summary, it was concluded that the administration of
US (1.5 �g/g) immediately after training impairs CSM

onsolidation.
To further confirm this conclusion, two more experiments

e carried out. The first one was designed to determine the
xistence of an effective time window for MUS interference
n consolidation as found with other drugs (Berón de Astrada
nd Maldonado, 1999; Pedreira et al., 2002; Troncoso and
aldonado, 2002), and the second was conducted to discard

he presence of spontaneous recovery effect (Dudai and
isenberg, 2004), which could reflect an effect on memory

etrieval rather than on memory consolidation.
Experiment 1C had the same parametrical character-
stic of experiment 1B (Fig. 1C, upper panel), except that in
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his case the injections were given 30 min after training.
ig. 1C (lower panel) shows the test session results
ANOVA, F(3,156)�3.9; P�0.01). Planned comparisons re-
ealed significant differences between the U-SAL vs. T-
AL groups (P�0.01) and U-MUS1.5 vs. T-MUS1.5

ig. 1. MUS impair consolidation. (A) Experiment 1A: 1.5 �g/g of MU
tand for training session, gray rectangle for testing session, and blac
nimals received a ST (15 presentation of the VDS, intertrial interval o

he VDS (45 min). Day 2 (D2): Test. One single presentation of the V
o VDS presentation � S.E. normalized with respect to the U of the
ifferent doses of MUS were used: 1 �g/g (MUS1) and 1.5 �g/g (MUS1
B) Experiment 1B: MUS impair consolidation process without an unspe
est session. Circles stand for SAL groups; squares, MUS groups. Gr
in after training, no longer produced amnesic affect. Upper panel. Ex

raining ends (arrow). Lower panel. Test session. Graph ordinates, bar
o spontaneous recovery. Upper panel. Experimental protocol. Symbo
ower panel. Test session. Graph ordinates, bars and symbols as in
P�0.05) groups. The closure of an effective time window m
upports the view that the effect observed is specifically
xerted on the consolidation phase rather than due to
nspecific effects on the animal response.

Experiment 1D was aimed to examine if the lack of
SM retention is still evident when the time between treat-

consolidation. Upper panel. Experimental protocol: White rectangles
for a VDS-trial. Arrow stands for the time of injection. Day 1 (D1): T.
U. Animals remained in the training context without being exposed to
used to test the animals. Lower panel. Test session. Mean response
. Circles, stand for SAL groups; squares, MUS-treated groups. Two
ed comparisons (LSD): * stands for P�0.05 (T�U, memory retention).
ct. Upper panel. Experimental protocol. Symbols as in A. Lower panel.
ates, bars and symbols as in A. (C) Experiment 1C: MUS injected 30
tal protocol. Symbols as in A; the drug was administered 30 min after
mbols as in A. (D) Experiment 1D: The amnesic effect of MUS shows
, the intersession interval between training and testing lasted 3 days.
S impairs
k hyphen
f 3 min).
DS was
SAL pair
.5). Plann
cific effe

aph ordin
perimen
s and sy
ls as in A
ent and testing was augmented (Pedreira et al., 2002).
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his type of manipulation allows us to discard that the
mpairment observed during testing, 24 h after the treat-

ent, was a product of a retrieval deficit. The experimental
esign (Fig. 1D, upper panel) included the two pairs of
roups, one treated with saline solution (U-SAL and T-
AL) and the other with MUS 1.5 �g/g (U-MUS1.5 and
-MUS1.5) supplied immediately after a ST. The animals
ere tested 72 h after training. The results are displayed in
ig. 1D (lower panel), (ANOVA F(3,184)�3.13; P�0.05).
lanned comparisons presented significant differences for

he SAL pair (P�0.05), and no significant differences be-
ween the MUS1.5 pair (P�0.67) showing the mainte-
ance of the CSM impairment when MUS was adminis-
ered immediately after training.

Overall, this first series of experiments allows us to
onclude that the activation of the GABAergic system
hrough the systemic administration of a GABAA receptor
gonist impairs CSM consolidation.

To further confirm that the effects reported selectively
nvolved GABAA receptors, we administered the agonist
ogether with a competitive GABAA antagonist BMI [i.e. a
ocktail (COC) of an agonist and an antagonist, Dickinson-
nson and McGaugh, 1997]. To this end, we performed
nother experiment to establish the dose of BMI without an
ffect on memory and behavior. Experiment 2A comprised
wo pairs of groups, each pair was treated with SAL or BMI
.54�10�3 �g/g (BMI1.5) after a ST (Fig. 2A, upper panel).
he groups were tested 24 h after training (ANOVA,

(3,217)�10.3; P�0.001). The outcome of planned compari-
ons (Fig. 2A, lower panel) was the same for both pairs of

ig. 2. BMI reverts the amnesic affect of MUS when co-administered
ehavior. Upper panel. Experimental protocol. Symbols as in Fig. 1A.
MI1.5-treated groups. Graph ordinates and symbols as in Fig. 1A.
xperimental protocol: Symbols as in Fig. 1A. Arrow shows the tim

f BMI). Lower panel. Test session. Circles, stand for SAL groups; square
ymbols as in Fig. 1A.
roups. Concerning the SAL and BMI1.5 pairs, the statistical
nalysis showed significant differences (P�0.001 and
�0.05, respectively). As a result, we used this dose of
MI (1.54�10�3 �g/g) for the COC experiment. Experi-
ent 2B included three pairs of groups (Fig. 2B, upper
anel): a U–T SAL pair, a U–T MUS1.5 pair and the U–T
OC pair which received the co-administration of MUS

1.5 �g/g) and BMI (1.54�10�3 �g/g). The injections were
iven immediately after the 15 trial training and the groups
ere tested 24 h later. Fig. 2B (lower panel) exhibits the

esults obtained during testing (ANOVA, F(5,264)�3.12;
�0.01). The outcome of the planned comparison re-
ealed a significant differences for the SAL pair (P�0.05),

ndicative of memory retention. On the contrary, an impair-
ent of CSM retention by the administration of 1.5 �g/g of
US was disclosed (P�0.39); and finally, the recovery of

he CSM deficit when MUS was co-administered with BMI
P�0.01), which demonstrated the action of both drugs on
he same receptor. These results support the proposal that
he modulation of the GABAergic system via the adminis-
ration of a GABAA-receptor agonist negatively affects the
onsolidation of the CSM.

Previous reports provided clear evidence that the robust
SM acquired by the crab became labile again after 5 min

e-exposure to the learning context, proving to be vulnerable
o diverse interfering agents (Pedreira et al., 2002; Merlo et
l., 2005). Based on these studies, we performed the next
eries of experiments to analyze the functional role of the
ABAergic system on the memory reconsolidation process.
ach experiment included two pairs of U–T, one was SAL

eriment 2A: 1.54�10�3 �g/g of BMI produce no effect on memory or
nel. Test session. Circles stand for SAL-treated groups and rhombus,
riment 2B: BMI prevents the amnesic effect of MUS. Upper panel.
, MUS (1.5 �g/g) or COC injection (MUS1.5 plus 1.54�10�3 �g/g
. (A) Exp
Lower pa
(B) Expe
e of SAL
s, MUS groups and triangles, COC groups. Graph ordinates and
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njected and the other pair was MUS1.5 injected. The crabs
eceived either SAL or MUS1.5 at diverse times relative to the
min of context exposure—the reminder—during day 2, 24 h
fter a ST. Fig. 3A (lower panel) shows the test results for
xperiment 3A (day 3)—normalized with respect to the U-
AL group—corresponding to the groups injected 45 min

ig. 3. MUS impairs reconsolidation. (A) Experiment 3A: 1.5 �g/g o
ymbols as in Fig. 1A. Day1 (D1): T. Animals received a ST. U. Anima
ay 2 (D2): the animals were re-exposed to the training context for
resentation of the VDS was used to test the animals. Lower panel. Tes
nd symbols as in Fig. 1A. (B) Experiment 3B: The amnesic effect of M
emory. Upper panel. Experimental protocol: Symbols as in A; a nov

ession. Bars as in A. Graph ordinates and symbols as in Fig. 1A. (C) E
ffect. Upper panel. Experimental protocol: Symbols as in A; the drug
ars as in A. Graph ordinates and symbols as in Fig. 1A.
fter a 5 min re-exposure period to the standard context on o
ay 2 (ANOVA, F(3,181)�3.01; P�0.05). Planned compari-
ons (Fig. 3A, upper panel) showed different outcomes for
ach pair. Indeed, the SAL-injected pair revealed a significant
ifferences (P�0.01), which was considered as memory re-

ention. In contrast, the MUS-injected pair exhibited no sig-
ificant differences (P�0.28), which was interpreted as mem-

pairs reconsolidation process. Upper panel. Experimental protocol:
ed in the training context without being exposed to the VDS (45 min).
rrow stands for the time of injection. Day 3 (D3): Test. One single

. Circles stand for SAL groups; squares, MUS groups. Graph ordinates
reconsolidation depends on the reactivation-labilization process of the
t is presented instead of training context on day 2. Lower panel. Test
t 3C: MUS injected 1 h after re-exposure, no longer produced amnesic
inistered 1 h after training ends (arrow). Lower panel. Test session.
f MUS im
ls remain
5 min. A

t session
US over
el contex
xperimen
was adm
ry impairment.
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A well-described control to show that the effect ob-
erved on the reconsolidation phase depends on memory-
nduced lability provoked by the presentation of the re-

inder is to expose the animals to a different context to
hat used during training. This procedure has not produced
he retrieval-labilization process (Pedreira and Maldonado,
003; Merlo et al., 2005). Consequently, the experiment

mplied a similar experimental design to the one previously
sed; however, in this case the animals were exposed to a
ifferent context for 5 min on day 2. As a consequence in
xperiment 3B we employed the same two pairs of U–T
nd we administered the drugs at the same time after the
xposure to the new context (Fig. 3B, upper panel). Re-
ults obtained on day 3 are displayed in Fig. 3B lower
anel (ANOVA, F(3,115)�6.7; P�0.001). In contrast to the
ndings from the previous experiment, groups that were
xposed to a different context presented significant differ-
nces for both pairs of groups (T-SAL�U-SAL; P�0.01;
-MUS1.5�U-MUS1.5; P�0.05), i.e. MUS failed to disrupt
emory. This result is interpreted as a lack of memory

eactivation due to the absence of the appropriate re-
inder, maintaining the memory in its stable state (Pe-
reira and Maldonado, 2003; Merlo et al., 2005).

Our next step was to investigate the drug effective time
indow. Thus, in experiment 3C the injections were given
t distant time points after the 5 min re-exposure to the
tandard context on day 2. The design (Fig. 3C, upper
anel) included two pairs of U–T treated with SAL or
US1.5 1 h after the animals were confronted with the

eminder. The results are shown in Fig. 3C (lower panel).
egarding the MUS-injected pair, when the drug was ad-
inistered 1 h after the reminder it was no longer effective

o impair CSM (ANOVA, F(3,147)�4.06; P�0.01). In fact,
lanned comparisons showed significant differences for
oth the SAL- (P�0.01) and MUS-injected pair of groups
P�0.05). Therefore, the CSM acquired on day 1 and
eactivated by a 5 min re-exposure to the training context
n day 2 was blocked by MUS administered at 45 min but
ot after 1 h following reactivation. These results are in-
icative that a brief re-exposure to the original learning
ontext turns the consolidated memory into a labile state,
nd once more, it can be disrupted by MUS administration.

MI improves the consolidation and the
econsolidation processes

he goal of this series of experiments was to evaluate
hether the administration of BMI could improve the CMS
onsolidation/reconsolidation. Since we expect a facilitating
ffect, a WT protocol (6 VDS-trials) was used to induce a
eak CSM memory (Maldonado, 2002). This memory was
nly able to be expressed when different facilitatory treat-
ents were applied with respect to acquisition, retrieval or

abilization (Frenkel et al., 2005). Therefore, since the antag-
nism of the endogenous GABAergic system has been de-
cribed to facilitate memory formation (Chapouthier and Ve-
ault, 2002), we expect an improvement of CSM retention as
result of BMI treatment.

Experiment 4A was aimed at determining the effective

ose of BMI when it was administered immediately after a t
SM WT. This experiment (Fig. 4A, upper panel) had a
-SAL and three T: one was T-SAL and the other two

eceived bicuculline doses of 1.54�10�3 �g/g (T-BMI1.5)
nd 15.4�10�3 �g/g (T-BMI15). The training session for
hese T consisted of a WT (6 trials). Fig. 4A (lower panel)
hows the level of response to the VDS, normalized with
espect to the U-SAL group during the test session 24 h
fter training session (ANOVA, F(3,156)�9.77; P�0.05).
lanned comparisons showed no significant differences

memory deficit) for the U-SAL vs. T-SAL (P�0.54) and
-SAL vs. T-BMI1.5 groups (P�0.54). On the contrary, a
ignificant difference (memory retention) for the U-SAL vs.
-BMI15 groups (P�0.03) was observed. In summary,

hese findings suggest that the dose of BMI 15.4�10�3

g/g facilitates CSM consolidation.
To confirm this last inference, we performed additional

xperiments to explore the effect of this BMI dose
15.4�10�3 �g/g) on the consolidation and reconsolida-
ion processes.

Discarding unspecific drug effects, experiment 4B (Fig.
B, upper panel) was planned to evaluate the action of this
MI dose on treating trained and untrained animals. The
xperimental design (Fig. 4B, upper panel) included two
airs of U–T. One pair received injections of SAL (U-SAL
nd T-SAL) and the other pair received 15.4�10�3 �g/g of
MI immediately after a WT on day 1. One day later the

est session was performed (ANOVA, F(3,156)�3.9;
�0.01). The outcome of the planned comparisons (Fig.
B, lower panel) regarding the SAL injected pair, revealed
o significant differences, which was interpreted as mem-
ry retention deficit (P�0.46) as a consequence of the WT
sed. In addition, there were no differences for the U
omparison (P�0.60), indicating the lack of drug’s unspe-
ific effect on the animal’s behavior or health, a result
bserved throughout all this series of experiments. On the
ontrary, the BMI-injected pair showed a significant differ-
nce, which was explained as a retention enhancement of
he CMS (P�0.01). Therefore, these data suggest that the
dministration of BMI (15.4�10�3 �g/g) immediately after

he WT facilitates the consolidation of a CMS. To validate
his inference, we performed an additional experiment
esigned to establish the limits of an effective time
indow (Berón de Astrada and Maldonado, 1999; Pe-
reira et al., 2002; Troncoso and Maldonado, 2002).
xperiment 4C had the same parametrical characteristic
f experiment 4B, but in this case the injections were
dministered 1 h after training (Fig. 4C, upper panel).
esults are presented in Fig. 4C lower panel (ANOVA,

(3,115)�0.5; P�0.68). Planned comparisons failed to
how significant differences between the U-SAL vs. T-
AL groups and U-BMI15 vs. T-BMI15 groups (P�0.56
nd P�0.52 respectively). Thus, the effective time win-
ow for the facilitating effect induced by BMI is between
and 60 min after a WT. Moreover, the fact of this time

ependent effect supports the view that such an effect is
pecifically exerted on the consolidation phase.

As a whole, these experiments reveal that the reduc-

ion of the GABAergic tone induced by the systemic ad-
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inistration of a GABAA receptor antagonist facilitates the
ormation of the CSM.

The next series of experiments examined a potential
ole of a GABAergic mechanism on the reconsolidation
hase. As shown by Frenkel et al. (2005), a consolidated
ut unexpressed memory could be retrieved and reacti-
ated by the presentation of a specific reminder, returning

ig. 4. BMI improves the consolidation process. (A) Experiment 4A:
rotocol: Symbols as in Fig. 1A. Day 1 (D1): T. Animals received a WT

n the training context without being exposed to the VDS (15 min). Day
nimals. Lower panel. Test session. Circles, SAL groups; diamonds, B
nd BMI15. Graph ordinates and symbols as in Fig. 1A. (B) Experime
xperimental protocol. Symbols as in Fig. 1A. Lower panel. Test sess
C: BMI injected 1 h after training, no longer improves consolidation
dministered 1 h after training ended (arrow). Lower panel. Test sess
t to a labile state which is vulnerable to different facilitatory �
reatments. Therefore, we tested whether a consolidated
ut unexpressed memory could be retrieved and reacti-
ated by the reminder (5 min of context re-exposure),
eturning this memory to a labile state that could be af-
ected by the administration of a GABAergic antagonist.
ach experiment included two pairs of U–T, one was SAL

njected and the other pair was injected with 15.4�10�3

�3 �g/g of BMI improves consolidation. Upper panel. Experimental
entations of the VDS, intertrial interval of 3 min). U. Animals remained
est session. One single presentation of the VDS was used to test the
s. Two different doses of BMI were tested: 1.54�10�3 �g/g (BMI1.5)
I improves consolidation without any unspecific effect. Upper panel.
as in A. Graph ordinates and symbols as in Fig. 1A. (C) Experiment
panel. Experimental protocol. Symbols as in Fig. 1A, the drug was
as in A. Graph ordinates and symbols as in Fig. 1A.
15.4�10
(six pres
2 (D2): T
MI group
nt 4B: BM
ion. Bars
. Upper
g/g of bicuculline (BMI15). In this series of experiments,
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rabs were treated 24 h after a WT, with either SAL or BMI
15.4�10�3 �g/g) at diverse time points relative to 5 min of

ig. 5. BMI improves reconsolidation process. (A) Experiment 5A: B
pper panel. Experimental protocol. Day 1 (D1): T. Animals received a
nimals remained in the training context without being exposed to the

or 5 min. Arrow stands for the time of injection. Day 3 (D3): Test. One
ession. Bars as in Fig. 4A. Graph ordinates and symbols as in Fig. 1A.
econsolidation. Upper panel. Experimental protocol. Symbols as in A,
est session. Bars as in Fig. 4A. Graph ordinates, and symbols as in

onger improves reconsolidation. Upper panel. Experimental protocol. S
ower panel. Test session. Bars as in Fig. 4A. Graph ordinates and
rocess is canceled, BMI shows no improvement of reconsolidation. U
VDS at the end of the re-exposure (BMI-VDS). Lower panel. Test ses
raph ordinates and symbols as in Fig. 1A.
ontext exposure on day 2. The experiment 5A design, r
ncluded groups injected 45 min after the re-exposure to
he standard context on day 2 (Fig. 5A, upper panel). These

es reconsolidation when administered after remainder presentation.
ocol (WT, six presentations of the VDS, intertrial interval of 3 min). U.
min). Day 2 (D2): the animals were re-exposed to the training context
sentation of the VDS was used to test the animals. Lower panel. Test

riment 5B: BMI injected 2 h after remainder presentation, still improves
was administered 2 h after re-exposure ended (arrow). Lower panel.
C) Experiment 5C: BMI injected 4 h after remainder presentation, no
s in A, the drug was administered 4 h after re-exposure ended (arrow).
as in Fig. 1A. (D) Experiment 5D: When the reactivation-labilization
el. Experimental protocol. Symbols as in A, a pair of groups received
les, SAL group; diamonds, BMI15 group; crosses, BMI15-VDS group.
MI improv
WT prot

VDS (15
single pre
(B) Expe
the drug

Fig. 1A. (
ymbols a
symbols
pper pan
sion. Circ
esults are displayed in Fig. 5A lower panel (ANOVA,
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(3,155)�8.08; P�0.5) corresponding to testing session on
ay 3. While planned comparisons showed no significant
ifferences (memory retention deficit) for the SAL-injected
air (P�0.56), they showed a significant difference (mem-
ry retention) for the BMI-injected pair (P�0.01).

The following experiments investigated the time win-
ow for BMI’s facilitating effect. For this purpose, experi-
ents 5B and C were done and the injections were given
t two different time points after the 5 min re-exposure to
he standard context on day 2. Each experimental protocol
ncluded two pairs of U–T either treated with SAL or BMI
15.4�10�3 �g/g) 2 or 4 h after the reminder exposure
Fig. 5B–C, upper panel). The results of experiments 5B
nd C are shown in Fig. 5B and C lower panels respec-
ively (ANOVA, F(3,228)�2.5; P�0.004). When BMI was
njected 2 h after re-exposure, the drug preserved its en-
ancing effect on memory reconsolidation, a conclusion
hat is expressed by the significant differences between
he BMI groups (P�0.01) and the memory deficit for the
AL groups (P�0.9), which resulted from the WT received.

n contrast, when BMI15 was administered 4 h after the
eminder, the drug was no longer effective in enhancing
SM reconsolidation (ANOVA, F(3,185)�0.4; P�0.70) . In

act, planned comparisons showed no significant differ-
nces for either SAL- (P�0.89) or BMI-injected pairs of
roups (P�0.93). Thus, the weak CSM acquired on day 1
nd reactivated by re-exposure to the training context on
ay 2 was facilitated by BMI injection administered 45 min
r 2 h after but not 4 h after reactivation.

Finally, as previously proposed with our memory par-
digm (Pedreira et al., 2004), another control group was
ecessary to show that the effect observed in the recon-
olidation phase depends on memory-labilization. In ex-
eriment 5D we chose an experimental design similar to
hat used before, however, in this case we passed the VDS
ver the animals (reinforcement) in the last minute of the
-min re-exposure to the standard context on day 2. Thus,

n this experiment we utilized the same protocol for two
airs of groups included in the previous experiment plus a
air injected with 15.4�10�3 �g/g of bicuculline and con-

ronted with the visual danger stimulus during the last
inute (BMI15-VDS; Fig. 5D, upper panel). Results ob-

ained on day 3 are displayed in Fig. 5D lower panel
ANOVA, F(5,256)�2.6; P�0.01). In this experiment we
onfirmed previous outcomes obtained for the same
roups (SAL and BMI15 pairs). In fact, planned compari-
ons revealed that BMI administration 45 min after the
eminder improved memory reconsolidation, which was ex-
ressed as a significant difference between BMI15 groups
P�0.01) and the memory deficit for SAL groups (P�0.67). In
ontrast, no significant differences were found when animals
eceived the VDS with the specific reminder (BMI15-VDS
air, P�0.61). These findings showed that BMI failed to

mprove memory retention when the reinforcement was ad-
inistered during the re-exposure session. Therefore, the
bsence of the specific reminder (e.g. standard context for

brief time without reinforcement) results in no memory r
eactivation. Consequently, the memory state remained
nchanged and immune to the facilitating BMI influence
Pedreira et al., 2004; Frenkel et al., 2005).

Altogether, these experiments further support the no-
ion that stable and consolidated memories might become
ulnerable to an agent such as BMI following a brief re-
xposure to the original learning context. Moreover, these
esults represent a central topic of this work, taking into
ccount the absence of antecedents on facilitating effects
n memory reconsolidation by the administration of a
ABAA antagonist.

DISCUSSION

he current research represents our initial contribution to
stablishing the role of the GABAergic system in the mne-
onic processes in the crab Chasmagnathus. In order to
chieve such a goal, we used a well-characterized exper-

mental tool in our laboratory, the pharmacological-behav-
oral experiments, which included the administration of
lassic agonist and antagonist of the mammals GABAA

eceptors.
Results obtained with the GABAA receptor agonist,

US (1.5 �g/g), administered immediately after a ST pro-
ocol provoked an amnesic effect (Fig. 1A–B). This effect
ould only be explained by the effect of changing the
ABAergic functional state during consolidation but not by
n unspecific effect on the animals’ health (Fig. 1B).

The effective time window for MUS-induced interfer-
nce was shorter than 30 min after training (Fig. 1C). In
ur memory paradigm, other drugs acting on other sys-

ems showed similar short effective periods (Kaczer,
ersonal communication). Indeed, there is some evi-
ence that other amnesic agents exerted their effects
nly when they were administered immediately after

raining (McGaugh, 1966, 2000). Finally, we designed
n experiment to evaluate the presence of spontaneous
ecovery (Dudai and Eisenberg, 2004). Some earlier
tudies on memory consolidation indicated that memory
isruption produced by diverse treatments was unlikely

o be true amnesia, as the lost memories showed spon-
aneous recovery (Lewis et al., 1968; Miller et al., 1974;
anerjee and Das, 1977; Nader and Wang, 2006). Thus,

he earlier impairment may be interpreted as a result of
etrieval/performance deficits rather than a storage def-
cit. In the present report it is demonstrated that as
raining-to-test interval is increased, the treated animals
ith MUS maintained the impairment effect. This out-
ome does not definitively prove that it is true amnesia;
owever, it may be considered as strong support to the
iew that MUS impair CSM.

To further confirm that the effect of an agonist is due to
ts action on a specific receptor, this effect should be
everted by the co-administration of the antagonist of the
ame receptor (Brioni et al., 1989; Paredes and Agmo,
992). In fact, the present study demonstrated that the
o-administration of a GABAA receptor antagonist BMI

everts the amnesic effect of MUS (Fig. 2B), indicating that
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he effect observed is due to the direct interaction of both
rugs on same GABA receptor.

As in the consolidation phase, when the memory was
abilized by the reminder presentation, the re-stabilization
rocess was modulated by the GABAergic system. MUS

njected 45 min after re-exposure to the standard context
ffected memory under re-stabilization 24 h after training
Fig. 3A). In effect, the memory was not affected by the
rug when it was administered after the exposure to a
ovel context (Fig. 3B, i.e. in the absence of reactivation).
n this case, the effective time window for MUS induced
mnesia on reconsolidation lasted 1 h (Fig. 3C).

Results obtained with the GABAA receptor antagonist,
MI (15.4�10�3 �g/g), administered immediately after a
T improved memory retention 24 h after the administra-

ion (Fig. 4B). This effect would be explained by the effect
f changing the GABAergic functional state during consol-

dation but not by unspecific effect on the animals’ health
Fig. 4B–C).

The effective time window for the drug was around 1 h
fter training (Fig. 4C). This effective time window turns out
o be similar to the ones obtained with other systems using
he CMS (Berón de Astrada and Maldonado, 1999; Tron-
oso and Maldonado, 2002).

Similarly, BMI’s facilitating effect (15.4�10�3 �g/g) on
econsolidation was observed using a WT protocol (Fren-
el et al., 2005); moreover, this susceptible period lasted
ess than 4 h (Fig. 5C).

In a previous work we established that the absence of
ismatch between what is expected and what actually
ccurs prevents the triggering of the memory labilization
e-stabilization. This protocol implies the presentation of
he VDS in the last minute of the 5 min re-exposure to the
raining context. In this study, through the incorporation of
his technique the labilization process has been eliminated,
ausing the drug to be no longer effective in improving the
econsolidation process (Fig. 5D). To sum up, this result
onfirms previous ones obtained in our memory paradigm,
hich supports the view that the influence of any interfer-

ng agent on the reconsolidation phase depends on to the
resence of this mismatching component (Pedreira et al.,
004).

In general, the effect produced by the agonist indicates
hat the system under study is susceptible to that agonist,
ince the drug would act on specific receptors. However,
his does not necessary imply that these receptors are
nitially involved in the process. Nevertheless, the effect of

specific antagonist on these receptors reveals that these
eceptors do indeed play a physiological role on this mne-
onic process.

It is necessary to analyze the difference between the
ime windows for each drug on each phase. Indeed, MUS
resented effective time windows which were shorter than
hose determined for BMI and, in addition, the effective
ose used for the agonist was higher. Therefore, the treat-
ent with MUS would be interpreted as modulatory

ather than an involvement of the GABAergic system on
oth phases. However, the results obtained with a lower

ose of the antagonist reveal that the GABAA receptors a
lay a role in the consolidation and reconsolidation pro-
esses. An additional explanation for the results with
US would consider a possible low affinity of the crab’s
ABA receptors to this drug. Further studies with other
gonists could highlight the role of the GABAergic tone
ctivation on memory consolidation in our model.

As a whole, these results show that the systemic ad-
inistration of MUS impairs the consolidation and recon-

olidation processes. In contrast, the administration of
MI, improves both consolidation and reconsolidation pro-
esses. Furthermore, the co-administration of both drugs
locks the agonist amnesic effect on the consolidation
hase.

It is important to note that the dose administered sys-
emically is the effective dose acting on the nervous sys-
em. This conclusion arises from two conditions that may
e considered to estimate the effective dose for each drug.
irst, systemic administration results in a concentration of
oughly 0.45 �g/g for MUS and for 4.62�10�5 �g/g for BMI
n hemolymph because its volume is estimated at 30% of
ody weight (Gleeson and Subkoff, 1977). Second, the

ack of an endothelial blood–brain barrier in crabs along
ith the fact that hemolymph is distributed through an
xtensive capillary system in various areas of the brain
Abbot, 1970), determines that 1.2 mM for MUS and 10�6

for BMI act on the different brain regions.
A great number of studies have shown the role of

ABAA receptors on memory processes in vertebrates
Brioni, 1993; Salinas et al., 1993). More generally,
hen administered either shortly before or shortly after

raining in a variety of tasks, GABAA receptor ligands
odulate post-training processes underlying memory con-

olidation (Breen and McGaugh, 1961; Brioni et al., 1989;
astellano and McGaugh, 1990; Ammassari-Teule et al.,
991). However, there are few studies which aim to estab-

ish the role of this system on memory processes in inver-
ebrates (Oliver et al., 1970; Alkon et al., 1993; Crow,
004; Liu et al., 2007).

The research of Bustos et al. (2006) examined the effect
f a benzodiazepine ligand (midazolam a GABAA receptor
ositive modulator) on memory consolidation and reconsoli-
ation using a contextual fear paradigm in rats. They showed

hat midazolam interferes with the re-stabilization of the re-
ctivated memory. On the other hand, the drug has no effect
n the consolidation process at the dose used. Thus, for this
aradigm, the reconsolidation process has distinctive mech-
nisms that differ from those involved in the consolidation
rocess (Taubenfeld et al., 2001). Conversely, our results
ubstantially extend previous ones, showing similar re-
uirements to consolidate a memory as well as to re-
tabilize it after labilization (Pedreira et al., 2002; Frenkel
t al., 2005; Merlo et al., 2005).

The use of antibodies against mammal GABAA recep-
ors recognizes the presence of subunits across evolution
rom ciliated protozoa to mammals (Delmonte Corrado et
l., 2002; Ramoino et al., 2004; Pirker et al., 2000; Fein-
tein et al., 2003). This ubiquity of the neurotransmitter and

ts receptors in the animal taxa allows us to use the classic

gonist-and-antagonist administration procedure in Chas-
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agnathus. Indeed, the antagonist reverts the agonist’s
mnesic effect, a result that strongly supports the sugges-
ion that both drugs act on the same target. Thus, in view
f the presence of this neurotransmitter in crabs, all the
esults reported in this paper can be judged as a result of
he modulation exerted by the functional state of the
ABAergic system in the CNS.

CONCLUSION

n conclusion, the results obtained with this invertebrate
epresent an additional evidence supporting the view that
ome molecular mechanisms subserving different memory
hases could be the basic tools employed by phylogeneti-
ally disparate animals (Carew, 2000).
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