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Prior work with the crab’s contextual memory model showed that CS-US conditioned animals undergoing an
unreinforced CS presentation would either reconsolidate or extinguish the CS-US memory, depending on the length
of the reexposure to the CS. Either memory process is only triggered once the CS is terminated. Based on these
results, the following questions are raised. First, when is extinction memory acquired, if not along extinction training,
and how long does it take? Second, can acquisition and consolidation of extinction memory be pharmacologically
dissected? Here we address these questions performing three series of experiments: a first one aimed to study
systematically the relationship between extinction and increasing periods of unreinforced CS presentations, a second
one to determine the time boundaries of the extinction memory acquisition, and the third one to assay the
requirement for protein synthesis and NMDA-like receptors of acquisition and consolidation of extinction memory.
Our results confirm that it is CS-offset and not the mere retrieval (CS-onset) that triggers acquisition of extinction
memory and that it is completed in less than 45 sec after CS-offset. In addition, protein synthesis is required for
consolidation but not for acquisition of this memory and, conversely, NMDA-like receptor activity is required for its
acquisition but not for its consolidation. Finally, we offer an interpretative scheme of our results and we discuss to
what extent it could apply to multitrial extinction.

Prior work of our laboratory with the crab’s contextual memory
model (Maldonado 2002) showed that CS-US conditioned ani-
mals undergoing an unreinforced CS presentation would either
reconsolidate or extinguish the CS-US memory, depending on
the length of CS presentation. A short presentation (<1 h) in-
duces reconsolidation whereas a long presentation (>1 h) induces
CS-US extinction, and either process is only triggered once the CS
is terminated (Pedreira and Maldonado 2003). During the CS
presentation (a re-exposure to the training context) the retrieved
CS-US memory remains always intact and consolidated (Pedreira
et al. 2004). Supporting this conclusion, impressive early results
from our laboratory had shown that the CS-US memory emerges
intact when animals are tested before the termination of a 24-h-
long unreinforced CS presentation (Lozada et al. 1990).

These previous results led us to propose (1) that the crab’s
system is able to compute time interval duration, (2) that the
outcome of this time computation (i.e., whether it is a short or a
long CS presentation) acts as a switch, leading the memory
course either to reconsolidation or to extinction, and (3) that
CS-US memory is never extinguished synchronously with the
unreinforced CS, no matter how long it is. This late suggestion is
at odds with the current view that the CS-US memory is gradually
extinguished along the unreinforced CS presentations, as ob-
served in multitrial extinction experiments where is shown a
progressive CR decrement along the extinction training. (Pavlov
1927; Santini et al. 2001; Haselgrove and Pearce 2003; Lebron et
al. 2004).

In the framework of these proposals, we raise the following
questions. First, when is extinction memory acquired, if not
along extinction training (i.e., the CS presentation), and how
long does it take? Second, can acquisition and consolidation of
extinction memory be pharmacologically dissected? Since acqui-

sition of extinction memory depends on a behavioral experience
lasting more than 1 h, does it require protein synthesis?

Our model of single-trial extinction appears particularly
suitable for studying these issues, since it allows us to determine
the precise moment where extinction is disclosed, as a steplike
function. Here we address the above questions performing three
series of experiments: a first one aimed to study systematically
the relationship between extinction and increasing periods of
unreinforced CS presentations, a second one aiming to deter-
mine the time boundaries of acquisition of the extinction
memory, and the third one to assay the requirement for protein
synthesis and NMDA-like receptors of acquisition and consolida-
tion of extinction memory. For these purposes, we use the con-
text-signal memory (CSM) model in the crab Chasmagnathus, in
which the crab associates the training context (CS) with a visual
danger stimulus (VDS, US) passing overhead. After the iterative
spaced presentation of the VDS, the initial escape response
is replaced by a strong freezing-to-VDS (CR) (Maldonado
2002). This CS-US memory is extinguished after a single unrein-
forced reexposure to the training context, provided it lasts more
than 1 h.

Our results show that extinction memory acquisition is
completed in less than 45 sec after CS-offset. In addition, protein
synthesis is required for consolidation but not for acquisition of
this memory and, conversely, NMDA-like receptors activity is
required for its acquisition but not for its consolidation. Finally,
we offer an interpretative scheme of our results and we discuss to
what extent it could apply to multitrial extinction in this and
other species.

Definitions
As previously pointed out (Myers and Davis 2002; Rescorla 2004),
extinction and related terms have been used in literature with
different meanings. Therefore, it seems pertinent to define the
sense they are given here. Throughout this article, “extinction”
refers to the loss or decrement of the CR after unreinforced CS
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presentation. “Acquisition of extinction memory” is understood
as the process of acquiring a new memory that controls the be-
havior. This memory is thus named “extinction memory,” as
opposed to “CS-US memory” (the crab’s CSM that is extin-
guished). The decrement of the CR (the freezing-to-VDS) mea-
sured at some interval after extinction is termed “extinction re-
tention” (or retention of extinction memory).

Results

Extinction is shown after but not before CS-offset
The purpose of the present section was to study systematically
the relationship between extinction and increasing periods of
unreinforced CS presentations, from 5 min to 6 h, tested either
24 h after or immediately before CS-offset. This study implies
estimating a turning point from which the conditioned response
(CR), i.e., the freezing-to-VDS, is no longer displayed. Consider-
ing that we are dealing with natural populations that may show
some variability for processes occurring in boundary times, ex-
periments around the presumed turning point of CS exposure
time were replicated with animals coming from different capture
events.

The first series includes four experiments, each having a
group of trained crabs and its respective untrained control group.
Animals of each experiment come from a same capture event,
and different experiments were performed with animals coming
from different capture events. During Day 1, the trained group
(TR) received the training of 15 trials, whereas the untrained
group (UN) acted as control. On Day 2, all the animals were
re-exposed to the training context (CS) for 5, 60, 120, or 180 min.
At the end of the respective context reexposure, the crabs were
moved from the training context to individual rest containers.
On Day 3, both trained and untrained crabs received a test trial.

Figure 1A presents the results corresponding to the test trial,
normalized with respect to the mean response of the related UN
group. Crabs re-exposed to the CS for 5 or 60 min displayed
retention of the CS-US memory, i.e., no extinction (UN > TR,
t-test P < 0.02 and P < 0.04, respectively), whereas those re-
exposed for 120 or 180 min evinced extinction retention
(UN ∼ TR, P = 0.88 and P = 0.85, respectively). The two replica-
tions of each experiment around the turning point (not shown)
confirmed the results for 5 min (UN > TR, P < 0.01 and P < 0.03)

and 120 min (UN ∼ TR, P = 0.56 and P = 0.75), but for 60 min,
one replication again showed CS-US memory retention
(UN > TR, P < 0.02) while the other one showed extinction re-
tention (UN ∼ TR, P = 0.55). Thus, the turning point from which
the CR is no longer displayed may be estimated around 60 min.

The second series includes five experiments with the same
protocols as above in all respects, but the animals were tested on
Day 2 immediately before removal from the training context
(i.e., before CS-offset) instead of 24 h later. Figure 1B shows re-
sults corresponding to the test trial. No extinction was disclosed
in any case, i.e., significant UN–TR differences were found for
every CS re-exposure time (UN > TR; P < 0.0001 for 5 min;
P < 0.007 for 60 min; P < 0.0001 for 120 min; P < 0.0004 for 180
min; P < 0.009 for 360 min). Experiments around the estimated
boundary of re-exposure time were replicated once (not shown)
and results were confirmed in every case (UN > TR; P < 0.0008 for
5 min; P < 0.002 for 60 min; P < 0.003 for 120 min). This failure
to show extinction, despite a long CS re-exposure without rein-
forcement, is in keeping with previous experiments in our labo-
ratory, where CS-US memory retention appeared intact after 12
or 24 h of unreinforced CS re-exposure when tested before CS-
offset (Lozada et al. 1990; Tomsic et al. 1998).

In short, the pattern of results obtained by testing extinc-
tion 24 h after CS-offset, is markedly different from that obtained
by testing it immediately before CS-offset. The former reveals
extinction retention with the progressive lengthening of the re-
exposure time; the latter, no extinction at any time point of the
re-exposure. These findings support the view that acquisition of
the new memory (the extinction memory) depends on both the
duration of the unreinforced CS re-exposure and the occurrence
of the CS-offset.

Extinction memory acquisition is completed in a period
not longer than 45 sec after CS-offset
The above results are interpreted in keeping with the idea that
acquisition of extinction memory only takes place once the CS is
terminated, since this would be the key point where the extinc-
tion–reconsolidation switch would operate according to the pre-
vious re-exposure time (Pedreira and Maldonado 2003). Conse-
quently, the purpose of the following series of experiments was
to point out the temporal boundaries of the extinction memory

Figure 1. Extinction memory requires both an unreinforced CS re-exposure longer than 1 h and CS termination. (A, upper diagram) Experimental
protocol. Open boxes stand for time periods of training, treatment, and test sessions. Crabs were trained on Day 1, re-exposed on Day 2 to the training
context (CS) for 5, 60, 120, or 180 min, and tested on Day 3. (Lower panel) Mean responses at test on Day 3, normalized with respect to the mean
response of the UN group. White circles stand for untrained (UN) groups, gray circles for trained (TR) groups. Bars stand for S.E.M. *P < 0.05. (B, Upper
diagram) Experimental protocol. Crabs were trained on Day 1, re-exposed on Day 2 to the training context for 5, 60, 120, 180, or 360 min, and tested
on Day 2, before CS-offset. (Lower panel) Mean responses and S.E.M. at test, normalized with respect to the UN group. #P < 0.01. Symbols and
indications as A.
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acquisition, by reducing progressively the time interval between
CS-offset (i.e., the crab’s removal from the training context) and
the later test trial. Previously, extinction had been shown at a test
trial given 2 h after CS-offset (Pedreira et al. 2004) or even only 5
min after (preliminary results, data not shown). However, when
we attempted to test periods shorter than 5 min, we came up
against a difficulty. Removal of the crab from the training con-
text followed by moving it back after such a short time entails a
maneuver of repeated handling, which affects the behavior about
to be tested, making results inconsistent. To overcome this draw-
back, we searched for a method that allows us to mark the CS-
offset without removing the animal, specifically, by only chang-
ing the illumination of the training context from above to below.
We assumed that the effect of this light shift on the extinction
memory acquisition would be equivalent to that of the CS-offset
marked by the crab’s removal. For testing this equivalence, the
following experiment with two pairs of UN–TR groups was car-
ried out (Fig. 2). One pair of UN–TR groups was re-exposed for 2
h to the unreinforced CS, then moved for 5 min to individual
cylinders, and then moved back to the training context where
the test trial was given. Instead, the other UN–TR pair received
the same 2-h CS re-exposure, but this was then followed by 5 min
with light from below and finally the test trial with the usual
light from above. Results showed extinction for both the former
and the latter pairs of UN–TR groups (UN ∼ TR, ANOVA: no main
effect, F(3,148) = 171.84, P = 0.34; P = 0.23, and P = 0.19, respec-
tively). Thus, the effect of the light shift for 5 min was similar to
that of removing the crab and keeping it for 5 min in an isolated
container. Namely, the crab seems to take both removal from the
training context and light shift as tantamount to the end of the
long CS re-exposure. To control the possibility that the loss of CR
shown after an interval with light from below was an unspecific
effect of the sudden light shift that marks the CS-offset, a further
experiment was performed (Fig. 3). During Day 2, 24 h after the

training session, UN–TR groups of crabs were CS re-exposed with-
out reinforcement either for 2 h or for only 5 min. Next, the
context illumination was shifted for all crabs to light from below
for 5 min, then shifted back to light from above, and all crabs
received a test trial. As expected, the 2-h UN–TR pair showed
extinction while the 5-min UN–TR pair exhibited an intact con-
ditioned response (ANOVA: main effect F(3,150) = 6.46,
P < 0.0004; P = 0.16 for the 2-h pair, P < 0.003 for the 5-min pair).
Thus, an explanation in terms of unspecific effects of the light
shift can be ruled out.

Based on this method, we tried to determine how long is
needed between CS-offset and test trial to acquire the extinction
memory. The protocol was as that shown above in Figure 1, but
here the test trial was given immediately before (0 sec) or 9, 27,
45, 63, 240, or 300 sec after CS-offset, with illumination from
below during the interval between CS-offset and test trial. Figure
4 presents results at test trial. When crabs were tested before
CS-offset (0 sec), no extinction was revealed, i.e., there were sig-
nificant UN–TR differences (UN > TR, P < 0.002). The same result
was found for crabs tested 9 sec and 27 sec after CS-offset
(UN > TR, P < 0.01 and P < 0.02, respectively); but when tested at
45, 63, 240, or 300 sec, all of them exhibited extinction (UN ∼ TR,
P = 0.32, P = 0.84, P = 0.27, and P = 0.23, respectively). Again,
since this study entails estimating turning points, experiments
around the presumed boundary time of CS exposure were repli-
cated twice (not shown). Results were confirmed at every time
point, excepting one of the two replications at 27 sec, where
extinction was shown instead of CS-US retention (UN > TR,
P < 0.002 and P < 0.008 for 0 sec; UN > TR, P < 0.03 and P < 0.03
for 9 sec; UN > TR, P < 0.0006 and UN ∼ TR, P = 0.16 for 27 sec;
UN ∼ TR, P = 0.23 and P = 0.96 for 45 sec). Thus, the turning
point from which the extinction memory appears to be com-
pleted may be estimated as less than 45 sec after CS-offset.

However, other alternative or complementary explanations
may be offered. It could be argued that this period of 45 sec
entirely with light from below is the shortest time interval nec-

Figure 2. Short term extinction is shown after either 5 min in a differ-
ent context or 5 min with a different illumination. (Upper diagram) Ex-
perimental protocol of two pairs of UN–TR groups. Crabs were trained on
Day 1 and re-exposed to the training context for 2 h on Day 2. In one pair
of UN–TR groups, first line, CS-offset is denoted by removal of the crab,
followed by its placement for 5 min in a different context (striped box).
In the other UN–TR pair, second line, CS-offset is denoted by changing
illumination from above to below for 5 min (lamp sign). All crabs received
the test trial in the training context with the usual illumination from
above. (Lower panel) Mean responses and S.E.M. at test, normalized with
respect to the UN group. Other symbols and indications as in Figure 1.

Figure 3. Loss of conditioned response after illumination shift depends
on extinction training and not on illumination shift itself. (Upper diagram)
Experimental protocol. Crabs were trained on Day 1 and re-exposed to
the training context on Day 2 for 5 min (first pair of UN–TR groups) or for
2 h (second UN–TR pair). Next, illumination was shifted from above to
below for 5 min in both pairs of UN–TR groups. Right after, illumination
was restored and crabs were tested with light from above. (Lower panel)
Mean responses and S.E.M. at test, normalized with respect to the UN
group of first pair. Other symbols and indications as in Figure 1.
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essary for the animal to take the illumination shift as equivalent
to the CS-offset, rather than a time for completing the extinction
memory acquisition. A further experiment was carried out to
address this question (Fig. 5). After the 2-h CS presentation with-
out reinforcement, one pair of UN–TR groups had 9 sec of light
from below, followed by the test trial, while the other UN–TR pair
had the same 9 sec of light from below but followed by 36 sec of
light from above and then the test trial. Results revealed that
crabs with light from below for 9 sec failed to show extinction
while those with an additional 36 sec with light from above did
extinguish CS-US memory (ANOVA: main effect, F(3,156) = 3.73,
P < 0.02; UN > TR, P < 0.005 and UN ∼ TR, P = 0.28, respectively).
Therefore, 9 sec of light from below is not long enough for the

animal to acquire the extinction memory, but it is to mark the
end of the previous CS re-exposure, since the second UN–TR pair
with the same 9 sec of light from below but an additional 36 sec
from above shows extinction. In conclusion, the time required to
detect the CS-offset appears shorter (�9 sec with light from below)
than that necessary to acquire the extinction memory (�45 sec).

Protein synthesis subserves consolidation but not
acquisition of the extinction memory
The following series of experiments was performed to determine
whether de novo protein synthesis is required for extinction
memory acquisition. Considering the extremely brief time period
estimated for extinction memory acquisition, the requirement of
protein synthesis seems untenable, although it could be neces-
sary during the previous 2 h of CS re-exposure.

Prior experiments in our laboratory demonstrated that 15 µg
per crab of cycloheximide (CHX), given between 0 and 4 h after
training, impairs consolidation of CS-US memory tested at 24 h
(Pedreira et al. 1995, 1996). Here, we intend to test whether pro-
tein synthesis is required for acquisition of extinction memory,
using an experimental design similar to that of the previous ex-
periments: namely, training session on Day 1, CS re-exposure for
2 h on Day 2, with CHX or saline (SAL) injections before the CS
re-exposure. Crabs were tested either immediately before CS-
offset or 5 min or 24 h after CS-offset. Results indicate that both
SAL- and CHX-injected crabs displayed intact conditioned re-
sponse when tested before CS-offset (Fig. 6A) (UN > TR; ANOVA:
significant main effect F(3,116) = 3.31, P < 0.02; P < 0.03 for SAL
and P < 0.03 for CHX), and both displayed extinction when
tested 5 min after CS-offset (Fig. 6B) (UN ∼ TR; ANOVA: no main
effect F(3,153) = 0.5, P = 0.68; P = 0.7 for SAL and P = 0.44 for
CHX). Thus, CHX failed to block both the CS-US memory re-
trieval (Fig. 6A) and extinction memory acquisition (Fig. 6B).
Instead, if tested 24 h later (Fig. 6C), SAL-injected crabs showed
extinction memory while CHX-injected crabs displayed intact
CS-US memory (ANOVA: main effect F(3,152) = 3.40, P < 0.02;
UN ∼ TR for SAL, P = 0.51 and UN > TR for CHX, P < 0.003). This
result suggests that CHX injected before CS re-exposure persisted
beyond the time interval required for extinction memory acqui-
sition and succeeded in blocking extinction memory consolida-
tion. This is in agreement with prior results (Pedreira et al. 2004)
showing that an injection of CHX given 2 h after CS-offset im-
pairs consolidation of extinction memory. Therefore, protein
synthesis is not required either for acquiring extinction memory,
a process that is accomplished in a few seconds, or during the
previous 2 h of CS re-exposure. Instead, protein synthesis is re-
quired for consolidation of the extinction memory.

Activity of NMDA-like receptors is required for
acquisition but not consolidation of extinction memory
Prior experiments in our laboratory showed that an injection of
1 µg/g of MK-801, the vertebrate noncompetitive antagonist of
NMDA receptors, disrupts the crab’s CS-US memory consolida-
tion (Troncoso and Maldonado 2002) and reconsolidation (Pe-
dreira et al. 2002). Instead, it has no effect on CS-US memory
acquisition nor on its retrieval (Troncoso and Maldonado 2002).
These findings suggested a role for NMDA-like receptors in the
storage of long-term memory in the crab. In addition, the occur-
rence of these receptors in crustaceans has been often reported
(Pfeiffer-Lynn and Glantz 1991; Parnas et al. 1996; Burgess and
Derby 1997; Schramm and Dudel 1997; Feinstein et al. 1998).
Here, the first experiments in this series were aimed at testing the
effect of MK-801 on acquisition and consolidation of the extinc-
tion memory. For this purpose, crabs were injected before the 2-h
unreinforced CS re-exposure, with MK-801 (1 µg/g) or SAL. All
the crabs received a test trial, either 5 min or 24 h after CS-offset

Figure 4. Not more than 45 sec after CS termination are required to
acquire extinction memory. (Upper diagram) Experimental protocol.
Crabs were trained on Day 1 and re-exposed on Day 2 to the training
context for 2 h. The CS-offset is denoted by an above-to-below shift of
illumination. The test trial was given immediately before CS-offset (0 sec)
or after a period ranging from 9 sec to 5 min with illumination from
below. Test trials with light from above. (Lower panel) Mean responses
and S.E.M. at test, normalized with respect to the UN group. Other
symbols and indications as in Figure 1.

Figure 5. Nine seconds with light from below are enough for the ani-
mal to detect the CS-offset. (Upper diagram) Crabs were trained on Day
1 and re-exposed to the training context for 2 h on Day 2. Before test
trial, crabs underwent a period of either 9 sec with light from below (first
pair) or 9 sec with light from below plus 36 sec with light from above
(second pair). Test trials with light from above. (Lower panel) Mean re-
sponses and S.E.M. at test, normalized with respect to the UN group.
Other symbols and indications as in Figure 1.
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(Fig. 7A,B, respectively). When tested 5 min after CS-offset, crabs
injected with SAL showed extinction while those injected with
MK-801 disclosed intact CS-US memory (Fig. 7A) (ANOVA: main
effect, F(3,148) = 2.74, P < 0.04; UN ∼ TR for SAL, P = 0.16 and
UN > TR for MK-801, P < 0.01). Similar results were obtained
when crabs were tested 24 h after CS-offset (Fig. 7B) (ANOVA:
main effect, F(3,116) = 6.58, P < 0.0004; UN ∼ TR for SAL, P = 0.31
and UN > TR for MK-801, P < 0.001). Since MK-801 injections
were given before CS re-exposure, present results suggest that
NMDA-related receptors are required either only for acquisition
or both for acquisition and consolidation of extinction memory.
To distinguish between these two possibilities, in the next ex-
periments crabs were injected with SAL or MK-801 either 5 min,
30 min, or 1 h after CS-offset, and tested 24 h later (Fig. 7C).
Extinction memory was observed for both SAL- and MK-801-
injected crabs, for all three times of injection. (For 5-min injec-
tion, ANOVA: no main effect, F(3,116) = 0.47, P = 0.7; P = 0.66 and
P = 0.37 for SAL and MK-801, respec-
tively. For 30 min injection, ANOVA: no
main effect, F(3,155) = 0.77, P = 0.51;
P = 0.77 and P = 0.35 for SAL and MK-
801. For 1 h injection, ANOVA: no main
effect, F(3,152) = 0.59, P = 0.62; P = 0.54
and P = 0.32 for SAL and MK-801). In con-
clusion, MK-801 injections, given before
CS re-exposure, impair acquisition of ex-
tinction memory but they have no effect
on extinction memory consolidation.
This result is wholly inverse to those pre-
viously reported on acquisition and con-
solidation of the crab’s CS-US memory
(Troncoso and Maldonado 2002).

Discussion
Results of this article confirm and sub-
stantially extend previous ones, support-
ing our hypothesis relative to the neces-
sary requirements for acquiring extinc-
tion memory as well as to the kinetics of
this acquisition (Pedreira and Mal-
donado 2003; Pedreira et al. 2004).

The CS-offset and not retrieval
(CS-onset) triggers the acquisition
of extinction memory
The systematic study of the relationship
between extinction and increasing peri-
ods of unreinforced CS presentation
confirms the view that extinction re-
quires a minimum duration of CS re-
exposure (>1 h in this case) (Fig. 1A) but
in addition, it supports the idea that ex-
tinction also requires the actual termina-
tion of the CS re-exposure (Fig. 1B). This
latter requirement, leads us to inquire
when is extinction memory acquisition
actually triggered.

As previously reported, reconsolida-
tion and extinction of CS-US memory
have shown to be mutually exclusive (Ei-
senberg et al. 2003; Pedreira and Mal-
donado 2003; Sangha et al. 2003a,b; Pe-
dreira et al. 2004; Suzuki et al. 2004).
This necessarily means there is a key
time point in the behavioral experience

where one process is to be triggered and the other is to be cast off.
In our memory paradigm, this key point has been shown to be
the CS-offset, since before this point CS-US memory is always
disclosed intact (extinction is never shown) and consolidated
(not labilized and thus not undergoing reconsolidation) (Pedreira
et al. 2004). In addition, extinction is not disclosed before CS-
offset even after 12 or 24 h of unreinforced CS (Lozada et al.
1990; Tomsic et al. 1998). And finally, if a US trial is given after a
long unreinforced CS presentation, but before CS-offset, extinction
is never shown thereafter (Pedreira et al. 2004). Thus, it is tenable to
assume that it is the CS-offset and not the mere retrieval (CS-onset)
that triggers the acquisition of extinction memory.

The entire period of CS re-exposure would
be an expectation time
A following question would be what is then likely to be happen-
ing during CS re-exposure. It is indeed difficult to believe that the

Figure 6. Cycloheximide has no effect either on CS-US retrieval or on acquisition of CS-US extinc-
tion, but impairs extinction consolidation. (Upper diagrams) Crabs were trained on Day 1, injected on
Day 2 with saline (SAL) or cycloheximide (CHX), and then re-exposed to the training context for 2 h.
Test trial with light from above either (A) before CS-offset, (B) after 5 min with light from below, or (C)
on Day 3. (Lower panels, A–C) Mean responses and S.E.M. at test, normalized with respect to the UN
group of the SAL pair of each experiment. Other symbols and indications as in Figure 1.

Figure 7. MK-801 impairs extinction acquisition but has no effect on extinction consolidation.
(Upper diagrams) (A, B) Crabs were trained on Day 1 and injected on Day 2 with saline (SAL) or MK-801
(MK) before being re-exposed for 2 h to the training context. Test trial with light from above either (A)
after a 5-min above-to-below light shift, (B) on Day 3. (C) Crabs were trained on Day 1, re-exposed on
Day 2 to the training context for 2 h and injected with saline (SAL) or MK-801 (MK) 5, 30, or 60 min
later. Test trial with light from above on Day 3. (Lower panel, A,B,C) Mean responses and S.E.M. at test,
normalized with respect to the UN group of the SAL pair of each experiment. Other symbols and
indications as in Figure 1.
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animal’s system is not acquiring any information related to the
future extinction memory. In fact, since the outcome of the ex-
perience depends on the CS duration, we can at least infer time
is being computed. Therefore, if extinction is only triggered after
CS-offset, there is no other functional requirement to take place
during CS re-exposure. Hence, we hypothesize that the entire
period of CS re-exposure is an “expectation time,” where the
animal computes time up to CS-offset without triggering either
memory process. Once the CS-offset comes, extinction is trig-
gered, provided the expectation time lasted >1 h and no US was
presented.

Extinction memory acquisition is completed in less than
45 sec after CS-offset
Results have shown that after 2 h of unreinforced CS re-exposure
the same VDS retrieves either the CS-US memory, if presented
just before CS-offset, or the extinction memory, if presented at
least 45 sec after CS-offset (Fig. 4). Therefore, the extinction
memory is acquired in a remarkably short period of time. This is
the first time that extinction memory acquisition has been so
sharply dissected in time. In addition, this acquisition period is
noncontemporaneous with CS re-exposure, a finding at variance
with the current view that extinction memory is acquired at the
same time as CS re-exposure.

It is worth noting that this 45-sec interval is the time span
required to acquire the new extinction memory, regardless of the
context features that follow the CS-offset (Fig. 5).

Pharmacological dissection of acquisition and
consolidation of extinction memory
We found that MK-801-sensitive putative NMDA receptors are
required for acquisition but not for consolidation of the crab’s
extinction memory (Fig. 7). These results are in keeping with
those obtained in rodents, showing that NMDA receptor activa-
tion is critical for acquiring the extinction memory, either when
the antagonist is given systemically (Baker and Azorlosa 1996) or
directly into the amygdala (Lin et al. 2003) or into the hippo-
campus (Szapiro et al. 2003). Our results also agree with other
studies showing no effect of NMDA receptor antagonists when
administered immediately after extinction training (Akirav et al.
2006).

Conversely, protein synthesis is required for consolidation
but not for acquisition of extinction memory (Fig. 6). This means
that de novo protein synthesis is not necessary, either for the
mechanisms engaged in acquiring extinction or for the previous
time computation during the expectation time. Similar results
were obtained in previous experiments with rodents (Santini et
al. 2001; Suzuki et al. 2004).

In short, behavioral and pharmacological results support
our hypothesis that extinction memory acquisition does not oc-
cur during the CS presentation but instead, is induced in a few
seconds upon CS-offset. However, it would be possible that plas-
tic changes had already occurred at the time of CS-offset and that
expression of extinction memory is what is triggered. A pharma-
cological tool may be used to decide between these possibilities,
namely, a further injection of MK-801 given just prior to the
offset of the CS presentation. If extinction memory were already
acquired at the time of CS-offset, then MK-801 would have no
effect, whereas if extinction memory acquisition truly does occur
very rapidly upon CS-offset, then MK-801 would block this pro-
cess. A requirement for this experiment is to design a technique
that allows for injection of the drug without the removal of the
crab from the context, since removal implies CS-offset.

General validity of our interpretative scheme
At this point, we must address two questions regarding the gen-
eral validity of the above interpretative scheme. First, to what
extent is this scheme, proposed for the case of one-trial extinc-
tion in crabs, applicable to other animals? And second, to what
extent does it cover the case of multitrial extinction?

In attempting to answer the first question we come up
against two difficulties. There are few instances of experiments of
one-trial extinction available in the literature, and in addition,
the level of extinction during the CS re-exposure is assessed by
using an inappropriate method for this purpose. Recently, Cain
et al. (2003) and Suzuki et al. (2004) showed, in a contextual fear
paradigm with mice, that a 10- or 30-min trial of continuous CS
re-exposure discloses freezing decline with the increasing CS pre-
sentation. That is, the progress of extinction would occur gradu-
ally along the CS re-exposure, a conclusion totally in conflict
with our results. However, although freezing for a short test trial
may be a good measure of the CR level, it appears unsuitable for
a long and continuous test trial. In fact, a decrease in freezing
could be the expression of a reduction in fear, but it might also be
accounted for by habituation and/or fatigue, as has been exten-
sively discussed by various authors (McSweeney and Swindell
2002) including Cain et al. (2003, 2004). Instead, when measur-
ing CS-US extinction in the crab, it is possible to conclude reli-
ably that no extinction occurred during CS re-exposure, because
the CR level is not expressed directly and continuously as con-
stant freezing, but disclosed each time from the brief presenta-
tion of the VDS in the fear context.

The second point to address is to what extent our interpre-
tative scheme, proposed for the case of one-trial extinction in the
crab, may also cover the case of multitrial extinction. We propose
that each trial in the series of a multitrial experiment should have
all the essential features we described for the one-trial experi-
ment. On the basis of this proposal, we hypothesize that in a
series of successive trials, the time computation for each trial
includes not only its own expectation time but also those of prior
trials. When the accumulation of expectation times surpasses a
certain threshold, the CS-offset triggers the acquisition of the
extinction memory. In contrast, each previous CS-offset only
triggers reconsolidation. A series of experiments in our laboratory
is being aimed at testing this hypothesis (Y. Hepp, pers. comm.).

The above results and the hypothesis from our work with
crabs have been compared with those from reports on rodents,
i.e., a comparison of species phylogenetically far apart. Behind
this endeavor is the idea that in the realm of studies on memory,
some principles of behavior organization and basic mechanisms
at cellular and molecular levels have universal validity (Carew
2000; Pedreira and Maldonado 2003).

Materials and Methods

Animals
Animals were adult male crabs (Chasmagnathus granulatus) 2.7–
3.0 cm across the carapace, weighing around 17.0 g, collected
from water less than 1 m deep in the rías (narrow coastal inlets)
of San Clemente del Tuyú, Argentina, and transported to the
laboratory, where they were lodged in plastic tanks
(35 � 48 � 27 cm) filled to 2 cm depth with diluted marine
water, to a density of 20 crabs per tank. Water used in tanks and
other containers during experiments was prepared using hw-
Marinex (Winex-Germany), salinity 10–14‰, pH 7.4–7.6, and
maintained within a range of 22–24°C. The holding and experi-
mental rooms were maintained on a 12-h light/12-h dark cycle
(light on 07:00–19:00 h). Animals were fed rabbit pellets (Nutri-
entes S.A.) every 3 d and after feeding the water was changed.
Experiments were carried out within 10 d after the animal’s ar-
rival, from January to August, and between 08:00 and 18:00 h.
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Each crab was used in only one experiment. Experimental pro-
cedures are in compliance with the policies on the use of Animals
and Humans in Neuroscience Research.

The experimental device
This device (Maldonado 2002), referred to as the training con-
text, consists of a bowl-shaped opaque container with a steep
concave wall 12 cm high (23 cm top diameter and 9 cm floor
diameter) covered to a depth of 0.5 cm with artificial sea water,
where the crab was lodged before each experiment. During each
trial of 9 sec, an opaque rectangular screen (25 � 7.5 cm), termed
the visual danger stimulus (VDS), was moved horizontally over
the animal, cyclically from left to right and vice versa, at a con-
stant speed. The VDS provoked an escape response of the crab
and consequent container vibrations, converted into electrical
signals through a piezoelectric transducer placed on the external
wall of the container. These signals were amplified, integrated
during each 9-sec trial, and translated into arbitrary numerical
units ranging from 0 to 6000, before being processed by com-
puter. The activity of every crab was recorded during each entire
trial time. The experimental room had 40 devices, separated from
each other by partitions. During the experiments, crabs were il-
luminated with a 5 W bulb, either from above or from below the
training context.

Escape response and freezing
The amount of container vibrations during the 9 sec of VDS
presentation (a trial) depends on the magnitude of the defensive
responses the crab displays when faced with an impending
threat. Two types of defensive responses are distinguished:
namely, escape and freezing responses (Pereyra et al. 1999, 2000).
The escape response is a directional run of the animal in an
attempt to move away from the passing screen (VDS), while the
freezing response consists of a rigid motionless display in which
the crab lies flattened on the substratum. During repeated VDS
presentations (training), the escape response decreases in inten-
sity and is replaced by the progressive building up of a strong and
long-lasting freezing. No defensive responses but exploration or
wandering are shown during context exposures without VDS pre-
sentation. Throughout this article, data are only recorded during
a trial time, i.e., during the 9-sec VDS. No spontaneous activity
during context exposures was recorded.

Experimental procedure and design
Each experiment lasted 2 or 3 d and included three sessions,
namely, training session (on Day 1), treatment session (on Day
2), and test session (either on Day 2, right after treatment session,
or 24 h later on Day 3). Untrained (UN) or trained (TR) groups of
30–40 crabs each were formed in each experiment.

Day 1, training session
Untrained animals (UN) were kept in the training context (CS)
during the entire training session (∼50 min) as controls, i.e., with-
out being presented the visual danger stimulus (VDS = US), and
trained animals (TR), after being 5 min in the container without
VDS, received 15 training trials, each consisting of a 9-sec VDS
presentation (US), separated by intertrial intervals of 3 min. Im-
mediately after the training session, both UN and TR crabs were
moved from the training context to be housed individually in
the resting containers, i.e., plastic boxes covered to a depth of 0.5
cm with water and kept inside dimly lit drawers.

Day 2, treatment session
Crabs were re-exposed to the training context (CS) for 5 min, 1 h,
2 h, 3 h, or 6 h, without VDS (US) presentation. In some experi-
ments, an injection of saline (SAL), cycloheximide (CHX), or MK-
801 (MK) was given 30 min before training context re-exposure.

Re-exposure was terminated by (1) removing crabs from the
training context, or (2) shifting illumination from above (usual
illumination during training and test) to below, provoking thus
a virtual change in the environmental features.

After treatment, crabs were returned to the resting contain-
ers.

Test trial
The test trial consisted of one 9-sec VDS trial (US) with the illu-
mination from above in the training context. It was given on Day
2, either before or after the end of the CS re-exposure, or on Day
3, 24 h after the CS re-exposure.

Drugs and injection procedure
Crustacean saline solution (Hoeger and Florey 1989) was used as
vehicle. Fifty microliters of saline, cycloheximide (15 µg per
crab), or MK-801 (17 µg per crab) solution were given through
the right side of the dorsal cephalothoraxic-abdominal mem-
brane, by means of a syringe fitted with a sleeve to control depth
of penetration to 4 mm, thus ensuring that the injected solution
was released in the pericardial sac. Cycloheximide and MK-801
were purchased from Sigma Co.

Data analysis
Data analysis in this article is aimed at testing a basic prediction
drawn from our extensive work on the crab’s context-signal
memory (CSM). Animals given 15 or more training trials with 3
min of intertrial interval (trained crabs, TR) show, at a test trial,
a level of escape response noticeably lower than that of animals
that remained in the training context but without being trained
(untrained crabs, UN). A statistically significant UN–TR differ-
ence (P < 0.05) is invariably found, even when crabs were pre- or
post-training saline injected. Therefore, a trained group is said to
show context-signal memory retention when the basic assump-
tion is confirmed. Based on the UN > TR prediction, data are
analyzed using a priori planned comparisons following a signifi-
cant main effect in a one-way ANOVA (� < 0.05) (Rosenthal and
Rosnow 1985; Howell 1987). A one-way ANOVA was performed
on data corresponding to groups of crabs coming from a same
capture event.
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