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The ubiquitin—proteasome system (UPS) of protein degradation has been evaluated in different forms of neural plasticity
and memory. The role of UPS in such processes is controversial. Several results support the idea that the activation of this
system in memory consolidation is necessary to overcome negative constrains for plasticity. In this case, the inhibition of the
UPS during consolidation impairs memory. Similar results were reported for memory reconsolidation. However, in other
cases, the inhibition of UPS had no effect on memory consolidation and reconsolidation but impedes the amnesic action of
protein synthesis inhibition after retrieval. The last finding suggests a specific action of the UPS inhibitor on memory labi-
lization. However, another interpretation is possible in terms of the synthesis/degradation balance of positive and negative
elements in neural plasticity, as was found in the case of long-term potentiation. To evaluate these alternative interpreta-
tions, other reconsolidation-interfering drugs than translation inhibitors should be tested. Here we analyzed initially the
UPS inhibitor effect in contextual conditioning in crabs. We found that UPS inhibition during consolidation impaired
long-term memory. In contrast, UPS inhibition did not affect memory reconsolidation after contextual retrieval but, in
fact, impeded memory labilization, blocking the action of drugs that does not affect directly the protein synthesis. To
extend these finding to vertebrates, we performed similar experiments in contextual fear memory in mice. We found
that the UPS inhibitor in hippocampus affected memory consolidation and blocked memory labilization after retrieval.
These findings exclude alternative interpretations to the requirement of UPS in memory labilization and give evidence

of this mechanism in both vertebrates and invertebrates.

The ubiquitin—proteasome system (UPS) has initially been postu-
lated as a necessary mechanism for degradation of neural plasticity
inhibitors. In particular, the ubiquitin hydroxylase expression was
related with the degradation of the cAMP-dependent protein ki-
nase (PKA) regulatory subunit (R) in Aplysia sensory-motor synaps-
es plasticity. This R subunit is a pseudosubstrate that inhibits the
catalytic (C) subunit activity. In that way, the degradation of the
R subunit mediates long-term activation of the C subunit (Chain
et al. 1999). The UPS is also critical for memory consolidation in
vertebrates. In spatial memory in mice, protein degradation by
the UPS is required in hippocampus during consolidation (Arti-
nian et al. 2008). In rats, bilateral injection of the proteasome
inhibitor lactacystin into the CA1 region of the hippocampus
blocked long-term memory formation in a one-trial inhibitory
avoidance task. Consistent with the need for UPS-mediated degra-
dation, levels of ubiquitinated synaptic proteins increased in the
hippocampus following training (Lopez-Salon et al. 2001). In
search of target proteins that are degraded during consolidation,
the authors found no degradation of the PKA R subunit but of
the inhibitor kappa B (IkB). IkB is the inhibitory regulator of the
nuclear factor kappa B (NF-«B), a transcription factor which is in-
volved in synaptogenesis (Boersma et al. 2011) and that plays a
key role in memory and neural plasticity (Meffert and Baltimore
2005; Romano et al. 2006a). Similar mechanisms govern memory
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consolidation in invertebrates, for instance the context-signal
memory in crabs, where the inhibition of NF-kB was associated
with the amnesic effect of UPS inhibition (Merlo and Romano
2007).

Modification of neuronal connections by activity is essential
for learning and memory functions of the brain. Long-term
depression (LTD) as well as long-term potentiation (LTP), two op-
posing forms of neural plasticity associated with long-term mem-
ory in glutamatergic paths, can be blocked by UPS inhibition
(Colledge et al. 2003; Ehlers 2003; Hou et al. 2006; Karpova et al.
20006).

A classical tenet in the field is that during consolidation,
memory passes from a labile phase into a stable and enduring state
(Miller and Pilzecker 1900). However, numerous studies have
showed that once a memory is consolidated, it can be labilized
and become sensitive again to amnesic agents if a reminder is pre-
sented. The reactivation of the original memory by the reminder
and the subsequent labilization triggers a re-stabilization process
similar, but not equal, to that observed during consolidation at
both the systemic and cellular level (Misanin et al. 1968;
Mactutus et al. 1979; Sekiguchi et al. 1997; Nader et al. 2000;
Sara 2000; Kida et al. 2002; Pedreira et al. 2002; Boccia et al.
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2007). This phenomenon, called reconsolidation, is present in dif-
ferent types of learning and in diverse phylogenetic lines such as
mollusks, crustaceans, birds, rodents, and humans (Dudai 2006).
In the case of associative learning, memory is usually reactivated
by the presentation of the conditioned stimulus (CS) without
the unconditioned stimulus (US). In associative contextual mod-
els, the CS presentation consists in the re-exposure of the animal
to the training context. Memory reactivation by the CS can trigger
two apparently competing mechanisms depending on the dura-
tion of the re-exposure: reconsolidation and extinction, as initial-
ly characterized in crabs (Pedreira and Maldonado 2003). The role
of the UPS in reconsolidation is controversial. In spatial memory
in mice, the inhibition of proteasome-dependent protein degra-
dation in hippocampus during reconsolidation impaired subse-
quent long-term memory (Artinian et al. 2008). In contrast, no
effect was observed for fear conditioning upon inhibition in either
hippocampus (Lee et al. 2008) or amygdala (Jarome et al. 2011), or
for cocaine-induced conditioned place preference in the nucleus
accumbens (Ren et al. 2013). Similar results were reported in sen-
sitization and facilitation in Aplysia (Lee et al. 2012). Interestingly
however, inhibition of proteasome-dependent protein degrada-
tion blocked the amnesic action of protein synthesis inhibitors
(Lee et al. 2008, 2012; Jarome et al. 2011; Ren et al. 2013). These
findings were interpreted as a specific action of the UPS inhibitor
on memory labilization, suggesting that the translation blocker
was no longer amnesic because memory could not become labile
after retrieval. However, another interpretation is possible in
terms of the balance between synthesis and degradation of posi-
tive and negative elements in neural plasticity, as was found
in the case of LTP (Fonseca et al. 2006). In this work, the pharma-
cological inhibition of either UPS or protein synthesis disrupted

the expression of the late phase of LTP. However, when protein
degradation and protein synthesis were inhibited at the same
time, LTP was no affected. These findings suggest that LTP, and
perhaps other forms of plasticity and memory, may require the
combined action of degradation and synthesis of plasticity pro-
teins. It is therefore conceivable that the balance of degradation
and synthesis of some key proteins could be a crucial factor regu-
lating memory re-stabilization in reconsolidation. The results ob-
tained in fear conditioning, conditioned place preference and in
Aplysia sensitization, in which the simultaneous inhibition of
both UPS and translation caused no effect in reconsolidation
could also be attributable to the interpretation of a balance be-
tween synthesis and degradation. In these cases, protein degrada-
tion may not be critical for reconsolidation but when protein
degradation is inhibited, new protein synthesis is no longer re-
quired because the preexistent proteins are enough to sustain
the plasticity process.

To evaluate these alternative interpretations other recon-
solidation-interfering drugs than translation inhibitors should
be tested. If UPS inhibitors are able to block memory impairment
or enhancement induced by such drugs, then the role of protein
degradation in memory labilization could be confirmed beyond
its effect on the synthesis/degradation balance. Here we used a
contextual conditioning task in crabs to analyze the effect of
UPS inhibition in combination with the memory-disrupting drugs
MKB801 and sulfasalazine, and with the memory-enhancing drug
bicuculline. To extend these findings to vertebrates, we performed
similar experiments with sulfasalazine as memory-disrupting drug
and the calcineurin (CaN) inhibitor FK506 as memory-enhancing
drug in another example of contextual conditioning, the contex-
tual fear memory in mice.
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Figure 1.

malized to the VEH-CT group; (*) P < 0.05, n = 40, per group.
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Proteasome inhibition impairs memory consolidation but has no effect on memory recon-
solidation in a contextual Pavlovian conditioning (CPC) protocol. (A) Experimental protocol. On Day 1,
one pair of control animals that did not receive the danger stimulus (CT) and animals that received the
danger stimulus (TR) was injected with vehicle (VEH) and the other pair was injected with MG132 (2.38
wg/animal). The injections were performed immediately before the training session. On Day 2 animals
received the testing session. Gray horizontal bars indicate light from below, white horizontal bars indi-
cate light from above, and solid black lines indicate the visual danger stimulus presentation. (B) Testing
session. Mean response + SEM on Day 2 normalized to the VEH-CT group; (*) P < 0.05, n= 30, per
group. (C) Experimental protocol. On Day 1, the protocol was as in A. On Day 2, animals were re-
exposed to the training context. One pair of CT and TR was injected with VEH and the other pair
was injected with MG132. The injections were performed 20 min before the reexposure session. On
Day 3, animals received the testing session. (D) Testing session. Mean response + SEM on Day 3 nor-
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ulus (US), a visual danger stimulus (Fusti-
nana et al. 2013). We administered the
proteasome inhibitor MG132 at a 2.38
wrg/animal dose or dimethyl sulfoxide as
vehicle (VEH) systemically before train-
ing (15-trials) to either trained animals
(TR group) or control animals that did
not receive the danger stimulus (CT
group). The experiment thus had four
groups: CT-VEH, CT-MG132, TR-VEH,
and TR-MG132. Twenty-four hours later
we tested these groups using a single
CS-US presentation (Fig. 1A). These

MG 132
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data show that the TR group injected with VEH had significantly
lower levels of escape responses compared with the CT-VEH group.
In contrast, the TR-MG132 level of response was similar to the
CT-MG132 group, indicating that the drug caused a memory im-
pairment (F3 116 = 3.35; P < 0.05; CT-VEH vs. TR-VEH: P < 0.05
and CT-MG132 vs. TR-MG132: P: NS) (Fig. 1B). Together, these re-
sults suggest that proteasome inhibition disrupts consolidation of
contextual memory in the crab model.

Inhibition of the UPS during reconsolidation does

not impair long-term memory

In the following experiment we evaluated the effect of a UPS in-
hibitor during memory reconsolidation. In contextual condition-
ing of Chasmagnathus, memory retrieval is induced by a brief
re-exposure of the animals to the CS without US presentation
(Fustinana et al. 2013). The retrieval session consisted of 27 sec
of re-exposure to the CS with 5 min of total re-exposure to the ex-
perimental device. Under these conditions, memory is labilized
and the reconsolidation process is induced (Fustinana et al.
2013). We trained two pairs of TR and CT groups, and 24 h later
one CT-TR pair was injected with MG132 at the same dose used
in the previous experiment and the other CT-TR pair was injected
with vehicle (four groups: CT-VEH, TR-VEH, CT-MG132, and
TR-MG132). Twenty minutes after injection all crabs received a re-
trieval session and 24 h later they were tested with one CS-US pre-
sentation (Fig. 1C). We observed a significant difference between
the two CT groups and their matched TR groups (F3 156 = 4.13;
P<0.05; CT-VEH vs. TR-VEH: P<0.05 and CT-MG132 vs.
TR-MG132: P < 0.05) (Fig. 1D). These results indicated that the
MG132 administration, at the same dose which caused memory
impairment during consolidation in the previous experiment,
had no effect on memory reconsolidation.
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Figure 2.

Inhibition of the UPS during reconsolidation blocks
the amnesic effect of sulfasalazine

Inhibition of the UPS has been reported to rescue memory impair-
ment induced by inhibition of translation during reconsolidation
(Lee et al. 2008, 2012; Jarome et al. 2011; Ren et al. 2013; see
above). To test whether this action extends to reconsolidation in-
hibitors interfering a different molecular mechanism, we focused
our attention on the transcription factor nuclear factor kappa B
(NF-kB). The activation and translocation to the nucleus of
NF-kB is an important regulatory mechanism of gene expression
during memory formation in both vertebrates and invertebrates
(for review, see Meffert and Baltimore 2005; Romano et al.
2006b; Alberini 2009). This transcription factor is also involved
in memory reconsolidation (Merlo et al. 2005; Boccia et al. 2007;
Lubin and Sweatt 2007; de la Fuente et al. 2011; Si et al. 2012). A
key mechanism in the NF-«kB pathway is the activation of IkB ki-
nase (IKK). Uponitsactivation, IKK phosphorylates IkB, aregulato-
ry protein that inhibits NF-kB. Once phosphorylated, IkB is
degraded by UPS allowing NF-kB nuclear translocation (Roff
et al. 1996). Sulfasalazine is a potent and specific inhibitor of IKK
(Wahl et al. 1998) that interferes with the ATP-binding site of the
kinase (Weber et al. 2000; Merlo et al. 2002). This drug was
extensively used for memory disruption in both consolidation
and reconsolidation (Merlo et al. 2002, 2005; Freudenthal et al.
2005; Boccia et al. 2007; Lubin and Sweatt 2007; Si et al. 2012).
Recently, we found that sulfasalazine impaired crab contextual
memory specifically when it was reactivated by presentation of
the training context without reinforcement (Fustifiana et al.
2013). To test whether the proteasome inhibitor MG132 is able
to block this memory impairment of sulfasalazine in recon-
solidation, we trained three matched pairs of TR and CT groups.
Twenty-four hours later one CT-TR pair was injected with sulfasa-

lazine at a 20 pg/animal dose, one pair

was injected with a cocktail of MG132

and sulfasalazine and the other CT-TR

Da; pair was injected with vehicle, yielding

24h W= six groups: CT-VEH, TR-VEH, CT-SSZ,
— TR-S8Z, CT-MG132/SSZ, and TR-

VEH <7 MG132/SSZ. Twenty minutes after injec-
MGO1r32 tion all crabs received a retrieval session.
These groups were tested 24 h after re-

exposure (Fig. 2A). Consistent with previ-

Day 3 - Test ous results, the CT-SSZ versus TR-SSZ
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Inhibition of the proteasome impairs the amnesic effect of the SSZ over the reconsolidation of

pair showed no significant differences in
planed comparisons. In contrast, the oth-
er pair comparisons displayed a sig-
nificantly lower level of response for
TR groups versus CT groups (Fig. 2B;
Fs1740=3.08; P<0.05; CT-VEH wvs.
TR-VEH: P < 0.05, CT-SSZ vs. TR-SSZ: P:
NS and CT-MG132/SSZ vs. TR-MG132/
SSZ: P < 0.05). These results are in agree-
ment with previous finding in mouse
and Aplysia, which indicated that the in-
hibition of UPS blocked the action of am-
nesic drugs.

TR CT

MG 132

memory in a CPC protocol. However, proteasome inhibition does not impair memory recall. (A)
Experimental protocol. On Day 1, the training session was performed. Three groups of control animals

did notreceive the danger stimulus (CT) and three groups of trained animals received the danger stimulus
(TR). On Day 2, each pair of CT/TR group was injected before re-exposure to the training device. The
drugs administered were VEH or SSZ (20 wg/animal) or a cocktail of SSZ and MG132. On Day 3, the
testing session was performed. Gray horizontal bars indicate light from below, white horizontal bars in-
dicate light from above, and solid black lines indicate the visual danger stimulus presentation. (B) Testing
session. Mean response = SEM on Day 3 normalized to the VEH-CT group; (*) P < 0.05, n= 30, per
group. (C) Experimental protocol. On Day 1 the training was performed as before. On Day 2 the
animals were injected with VEH or MG132 10 min before the testing session. (D) Testing session.
Mean response £ SEM on Day 2 normalized to the VEH-CT group, (*) P < 0.05, n = 30, per group.
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Inhibition of the UPS does not
interfere with memory retrieval

The results of the previous experiment
suggest that MG132 is able to block the
effect of IKK/NF-«B pathway inhibition,
suggesting that UPS inhibition prevents
labilization of the memory. However,
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Figure 3. Proteasome inhibition impairs the amnesic effect of the MK801 and the enhancement of
bicuculline in the reconsolidation of the memory. (A) Experimental protocol. On Day 1, the training
session was performed. Three groups of control animals did not receive the danger stimulus (CT)
and three groups of animals received the danger stimulus (TR). On Day 2, each pair of the CT/TR
group was injected before re-exposure to the training device. The drugs administered were VEH or
MK801 (10 pg/animal) or a cocktail of MK801 and MG132. On Day 3 the testing session was per-
formed. Gray horizontal bars indicate light from below, white horizontal bars indicate light from
above, and solid black lines indicate the visual danger stimulus presentation. (B) Testing session.
Mean response = SEM on Day 3 normalized to the VEH-CT group; (*) P < 0.05, n= 30, per group.
(C) Experimental protocol. On Day 1, a weak training session was performed. Three groups of
control animals did not received the danger stimulus (CT) and three groups of animals received only
four trials (TR). On Day 2, each pair of CT/TR group was injected before re-exposure to the training
device. The drugs administered were VEH, BIC (46 pg/animal) or a cocktail of BIC and MG132.0n
Day 3 the testing session was performed. (D) Testing session. Mean response = SEM on Day 3 normal-

CT-TR groups. On Day 2, one matched
pair of groups was injected with vehicle,
another with MK801 at a 10 wg/animal
dose, and the last pair with an MG132/
MKS801 cocktail (CT-VEH, TR-VEH, CT-
MK801, TR-MK801, CT-MG132/MK801
and TR-MG132/MK801). Twenty min-
utes after injection all crabs received a re-
trieval session. On Day 3, these groups
were tested (Fig. 3A). A significant dif-
ference between CT and TR groups was
observed for the VEH pair, indicating
memory retention on Day 3. In contrast,
the MK801 pair did not show statist-
ical difference, due to the high level of
response in both groups. This is indic-
ative of an amnesic effect of the drug.
Conversely, the MG132/MK801 cock-
tail pair showed a significant difference
(F(5'174) = 370, P< 0.0S; CT-VEH vs.
TR-VEH: P < 0.05, CT-MK vs. TR-MK:
P: NS and CT-MGI132/MK vs. TR-
MG132/MK: P < 0.05) (Fig. 3B), indicat-
ing memory retention and suggesting
that MG132 blocked the amnesic effect
of MK801 during reconsolidation.
Labilization and reconsolidation
open a time window not only for dis-
ruption, but also for enhancement of the
memory trace (Delorenzi and Maldo-
nado 1999; Carbo Tano et al. 2009). In
the following experiment we evaluated

ized to the VEH-CT group; (*) P < 0.05, n= 30, per group.

alternatively it is conceivable that MG132 interferes with memory
retrieval, a process that is required for memory labilization. To
evaluate this possibility of retrieval interference, we performed
an experiment with two pairs of CT-TR groups that were injected
with MG132 or VEH 20 min before the memory test, 24 h after
training (Fig. 2C). The results indicated significant differences in
CT versus TR comparisons for both pairs, suggesting that
MG132 did not interfered with memory retrieval (Fig. 2D;
F@3116 = 3.81; P<0.05; CT-VEH vs. TR-VEH: P<0.05 and
CT-MG132 vs. TR-MG132: P < 0.05).

Inhibition of the UPS blocks the action of MK80I

and bicuculline on memory

Having established that UPS inhibition can block the effect of sul-
fasalazine on reconsolidation, we asked whether similar effects
can be observed for drugs affecting reconsolidation by different
mechanisms. The first experiment was conducted using MK801,
a non-competitive antagonist of the N-methyl D-aspartate glu-
tamate receptors (NMDAR). This drug has been widely used as an -
amnesic agent in several memory tasks in different species (Morris
etal. 1986; Tan et al. 1989; Miserendino et al. 1990; Lin and Glanz-
man 1994; Rickard et al. 1994; Weldon et al. 1997; Gutiérrez et al.
1999; Roberts and Glanzman 2003; Si et al. 2004; Xia et al. 2005;
Wu et al. 2007; Kano et al. 2008; Miissig et al. 2010; Rosenegger
and Lukowiak 2010; Amano and Maruyama 2011). Moreover,
MK801 caused amnesic effects in consolidation (Troncoso and
Maldonado 2002), reconsolidation and extinction (Pérez-Cuesta
and Maldonado 2009) in Chasmagnathus, consistent with the
presence of NMDAR in the crab CNS (Hepp et al. 2013). During
the training session on Day 1, we established three pairs of
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whether MG132 is able to impede

memory enhancement induced by bicu-

culline, a competitive antagonist of vy-
aminobutyric acid type A receptor (GABA4R). Bicuculline has
been found to induce memory enhancement in different species
and types of learning (Chapouthiers and Venault 2002). In partic-
ular, bicuculline caused enhancement of consolidation and
reconsolidation in the crab (Carbo Tano et al. 2009, Fustifiana
et al. 2013). During training session on Day 1, animals received
a weak training protocol of four trials, which does not lead to
memory retention. We established three pairs of CT-TR groups.
On Day 2, one pair of groups was injected with vehicle, other
with bicuculline at a 46 pg/animal dose and the last pair
injected with the MG132/bicuculline cocktail (CT-VEH, TR-
VEH, CT-BIC, TR-BIC, CT-MG132/BIC, and TR-MG132/BIC).
Twenty minutes after injection, all crabs received a retrieval ses-
sion. On Day 3, these groups were tested (Fig. 3C). As expected
due to the weak training used, no difference was found between
CT-VEH and TR-VEH. In contrast, TR-BIC showed a signifi-
cantly lower level of response than CT-BIC, indicating memory
retention. Thus, bicuculline injection induced memory enhance-
ment. Conversely, no difference was found between CT and TR
groups injected with MG132/BIC cocktail (Fig. 3D) (F(s,174) =
2.29; P<0.05; CT-VEH vs. TR-VEH: P: NS, CT-BIC vs. TR-
BIC: P < 0.05 and CT-MG132/BIC vs. TR-MG132/BIC: P: NS).
This result suggests that MG132 was able to impede the enhance-
ment effect of bicuculline.

Inhibition of the UPS in mouse hippocampus during
reconsolidation blocks the amnesic effect of sulfasalazine
on fear memory

All experiments presented so far support the interpretation
that UPS inhibition in the crab impedes the action of other drugs
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on memory reconsolidation by means A
of blocking the labilization process. To
extend these finding to vertebrates, we TR
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performed similar experiments using
contextual fear conditioning in mice.
In this task, mice receive three foot-
shocks in a particular context. Memory
labilization and reconsolidation is in-
duced by a re-exposure (5 min) to the
training context without footshock 1 d B w0
after training (de la Fuente et al. 2011). l
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of animals were bilaterally infused into
hippocampus with either vehicle (VEH
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of MG132 (MG132 group), or the sufasa-
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lazine/MG132 cocktail (SSZ/MG132
group). On Day 2 all groups of animals
showed high percentage of freezing with-
out difference between them, revealing
retention of memory (F(3,36)=1.99, P =
0.13; VEH vs. SSZ: P: NS; VEH wvs.
MG132: P: NS; VEH vs. MG132/SSZ: P:
NS; SSZ vs. MG132: P: NS; SSZ wvs.
MG132/SSZ: P: NS; MG132 vs. MG132/
SSZ: P: NS; data not shown). On Day 3,
mice were tested by a second re-exposure
of 5 min (Fig. 4A). During testing, the
percentage of freezing was determined
(Fig. 4B). As expected, the VEH group
showed a high level of freezing, above
40%, and the SSZ group showed a signifi-
cantly lower level of freezing (F3,36) = 6.31, P < 0.05; VEH vs. SSZ:
P < 0.05; SSZvs. MG132: P < 0.05; SSZ vs. MG132/SSZ: P < 0.05).
These results indicate that inhibition of the IKK/NF-kB pathway
during memory reconsolidation causes memory impairment.
Conversely, the MG132 group showed high levels of freezing
that were not significantly different to the VEH group levels, but
significantly higher than the SSZ group, suggesting that adminis-
tration of MG132 had no effect on memory. Similarly, the group
SSZ/MG132 showed levels of freezing comparable with the VEH
control group, indicating that UPS inhibition blocked the amne-
sic effect of sulfasalazine. These results are in agreement with pre-
vious observation (Lee et al. 2008), where administration of the
UPS inhibitor clasto-lactacystin-f-lactone into hippocampus did
not impair contextual fear memory in mice, but impeded the am-
nesic effect of the protein synthesis inhibitor anisomycin. The au-
thors also found that the same dose of the UPS inhibitor had no
effect on memory during consolidation. In the following experi-
ment we administered MG132 after the training session to com-
pare with those results utilizing the drug clasto-lactacystin-
B-lactone. One group of mice was trained with the footshock
(SH) and another group was exposed to the training chamber in
the absence of footshocks (NS). After the training session, mice re-
ceived a bilateral intrahippocampal administration of either vehi-
cle or MG132 in the same dose as the previous experiment (NS—
VEH, SH-VHS, NS-MG132, and SH-MG132). On Day 2, all
groups were tested (Fig. 4C). The non-shocked groups displayed
significantly lower levels of freezing than the shocked groups,
but no effects of the drug were found (F 36, = 10.45, P < 0.05;
NS-VEH vs. SH-VEH: P < 0.05; NS-MG132 vs. SH-MG132: P <
0.05; SH-VEH vs. SH-MG132: P: NS; NS-VEH vs. NS-MG132:
P:NS; data not shown). Next, we used the same experiment design
but with a higher dose of MG132, 0.15 pg/hemisphere. In con-
trast to the previous experiment, we found a significantly lower

VEH
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MG132 SSz

MG132 NS- SH- NS-  SH-
55z VEH  VEH MG132 MG132

Figure 4. Hippocampal proteasome inhibition impairs the amnesic effect of sulfasalazine on mice fear
conditioning during reconsolidation but has an amnesic effect during memory consolidation. (A)
Experimental protocol. On Day 1, four groups of animals were trained with three trials of CS-US
pairing (TR). On Day 2, all animals were re-exposed to the training context during 5 min and immedi-
ately after received a bilateral intra-hippocampal injection. Each group received VEH or MG132 (0.05
wrg/hemisphere) or SSZ (0.5 pg/hemisphere) or a cocktail of SSZ and MG132. On Day 3 the testing
session was performed. (B) Testing session. Percentage of freezing = SEM on Day 3; (*) P < 0.05, n=
10, per group. (C) Experimental protocol. On Day 1, two groups were trained with three pairings of
CS-US (SH) and other two groups remained in the training context but with no presentation of the
US (NS). Immediately after training all groups received a bilateral intrahippocampal injection. The
SH/NS pair received VEH and the other pair received 0.15 wg/hemisphere of MG132. On Day 2, the
testing session was performed. The arrow indicates the moment of injection. (D) Testing session.
Percentage of freezing = SEM on Day 2; (*) P < 0.05, n= 10, per group.

level of freezing in the SH-MG132 group with respect to SH-
VEH (F3,36)=16.15, P < 0.05; NS-VEH vs. SH-VEH: P < 0.05;
NS-MG132 vs. SH-MG132: P: NS; SH-VEH vs. SH-MG132: P <
0.05; NS-VEH vs. NS-MG132: P: NS) (Fig. 4D), indicating a mem-
ory impairment due to UPS inhibition during consolidation. The
last two experiments support the interpretation that, in the
mouse hippocampus, a higher dose of UPS inhibitor is required
to impair memory during consolidation compared with the one
needed to block memory labilization after retrieval.

Inhibition of the UPS during reconsolidation blocks the
fear memory enhancing effect of the calcineurin inhibitor
FK506

Taking into account the result described above for enhancement
of memory during reconsolidation in crabs, we aimed at extend-
ing the results to mice. We focused our attention on Ca®"/cal-
modulin-dependent phosphatase 2B (calcineurin, CaN), an
important regulator of the level of protein phosphorylation
in the nervous system because it is activated directly by Ca*"/cal-
modulin signals in synaptic spines. Some studies support its role
as a memory constraint in different memory tasks (Baumgartel
et al. 2008; Havekes et al. 2008), and it was found to be involved
in memory extinction (Lin et al. 2003; de la Fuente et al. 2011).
More recently, we found evidence for the role of CaN as a negative
constrain in contextual fear memory in mice, and that inhibition
of CaN by the specific inhibitor FK506 in hippocampus-enhanced
memory (V de la Fuente, N Federman, MS Fustifiana, G Zalcman,
and A Romano, in prep.). In the following experiment we used
FKS506 to induce memory enhancement, and to test whether UPS
inhibition blocks this memory facilitation during reconsolidation.
One group of mice underwent contextual fear conditioning with
three footshock presentations, while another three groups
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received a weak training with only one footshock. On Day 2, all
groups were re-exposed to the training context for 5 min and the
percentage of freezing was determined; 15 min before re-exposure
we bilaterally infused into hippocampus either vehicle, 5 pg/
hemisphere of FK506, 0.05 p.g/hemisphere of MG132, or FK506/
MG132 cocktail (FK506/MG132 group). The group that received
three trials was injected with vehicle (3SH-VEH group) and was
used as a positive control for memory retention at testing. One
of the groups trained with one trial also received vehicle
(1SH-VEH group), and the other two weakly trained groups were
injected with either FK506 (1SH-FK506 group) or FK506/MG132
cocktail (1SH-FK506/MG132 group). On Day 2 only the group
of animals that received three trials show high levels of freez-
ing while the three groups that received only one trial on Day 1
elicited significantly low levels of freezing compared with the first
group (F(3,36) = 6.64, P < 0.05; 1SH-VEH vs. 3SH-VEH: P < 0.05;
1SH-VEH vs. 1SH-FK506: P: NS; 1SH-VEH vs. 1SH-FK506/MG132:
P: NS; 1SH-FK506506/MG132 vs. 3SH-VEH: P <0.05; 1SH-
FK506/MG132 vs. 1SH-FK506: P: NS; 1SH-FK506 vs. 3SH-VEH:
P < 0.05) (data not shown). On Day 3, all mice were tested with a
second re-exposure of 5 min (Fig. 5A), and the percentage of freez-
ing was determined (Fig. SB). As expected, the 3SH-VEH group
showed high levels of freezing and the 1SH-VEH group displayed
significantly lower freezing levels. The 1SH-FK506 group displayed
high freezing values similar to the 3SH-VEH group, but the
group injected with the cocktail showed a significantly lower level
of freezing (F(3 36 = 5.52, P <0.05; 1SH-VEH vs. 3SH-VEH: P <
0.05; 1SH-VEH vs. 1SH-FK506: P < 0.05; 1SH-VEH vs. 1SH-
FK506/MG132: P: NS; 1SH-FK506506/MG132 vs. 3SH-VEH: P <
0.05; 1SH-FK506/MG132 vs. 1SH-FK506: P < 0.05; 1SH-FK506
vs. 3SH-VEH: P: NS). These results indicate that hippocampal ad-
ministration of an inhibitor of calcineurin during reconsolidation

A I D1 | I D2 | I D3 |
3xCS-Us 5min CS 5min CS
1xCS-US VEHor | = —

MG132 or
FK506 or
MG132/FK506
B D3 - Test
80 *

%Freezing

40 i I T
—

3SH- 1SH- 1SH- 1SH-
VEH VEH  FK506 FK506/
MG132

Figure 5. Hippocampal proteasome inhibition impairs the enhance-
ment effect of FK506 during reconsolidation fear conditioning. (A)
Experimental protocol. On Day 1 one group of animals were trained
with three pairings of CS—-US and three groups received only one
pairing of CS—US. On Day 2 all groups received a bilateral intra hippocam-
pal injection and 15 min later were re-exposed to the training context
during 5 min. The three trials group and one of one trial received VEH
(TE-VEH and 3E-VEH, respectively), another one trial group received
FK506 (5 wg/hemisphere) and the other received a cocktail of FK506
and MG132 (FK/MG). On Day 3 the testing session was performed.
The arrow indicates the moment of the injection. (B) Testing session.
Percentage of freezing + SEM on Day 3; (*) P < 0.05, n= 10, per group.
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enhances fear memory. In contrast, coadministration with an in-
hibitor of UPS blocked this enhancement.

Discussion

In this work we analyzed the role of the ubiquitin-proteasome
system (UPS) in memory consolidation and reconsolidation of
two examples of contextual-associative memories, the contextual
conditioning of the crab Chasmagnathus and the contextual fear
conditioning in mice. The administration of the UPS inhibitor
MG132 impaired long-term memory when administered shortly
before training, indicating that the UPS is necessary for memory
consolidation. This effect, observed in the two models, is in line
with the view that negative constrains need to be removed to ac-
tivate key neural plasticity mechanisms such as the NF-xB path-
way of gene expression regulation, as was evidenced previously
(Lopez-Salon et al. 2001; Merlo and Romano 2008). The finding
that the administration of an inhibitor of UPS in mouse hippo-
campus induced memory impairment in contextual fear con-
ditioning differs from previous findings of Lee et al. (2008), who
found that the UPS inhibitor was unable to induce memory
impairment. The different results could be explained by the use
of different drugs, clasto-lactacystin-g-lactone versus MG132.
However, it is important to note that we initially found no effect
of MG132 on memory consolidation in mice at a dose that was
effective during reconsolidation. An increment of the dose was
required to observe memory impairment during consolidation.
Thus, the lack of effect of clasto-lactacystin-B-lactone in that re-
port could also be explained by an insufficient dose to impair
memory retention.

Conversely to the effect of the UPS inhibitor on memory con-
solidation, no effect was found during reconsolidation. A simple
interpretation of these results is that, in contrast to consolidation,
the UPS is no longer required during reconsolidation. However,
when the UPS inhibitor is injected in combination with the amne-
sic drug sulfasalazine, the expected memory impairment was not
observed in either memory model. The UPS inhibitor MG132 does
not have a direct action on memory reconsolidation but in mem-
ory labilization. These findings are in keeping with previous stud-
ies using inhibitors of protein synthesis as amnesic agents (Lee
et al. 2008, 2012; Jarome et al. 2011; Ren et al. 2013), and support
the interpretation that protein degradation is required for memo-
ry to become labile after retrieval induced by a brief re-exposure to
the training context. However, another interpretation could be
that the balance between synthesis and degradation of positive
and negative elements governs neural plasticity, as was found in
the case of LTP (Fonseca et al. 2006). In that study, it was proposed
that protein degradation may be not critical for neural plasticity.
Instead, if degradation is inhibited, de novo protein synthesis
would no longer be required because preexisting proteins would
be enough to sustain the neural plasticity process. Here we used
sulfasalazine, which does not interfere directly with the balance
between protein synthesis and degradation. Our data extend the
previous finding, and support a direct action of the UPS during
memory labilization. In addition, our results show that the UPS
inhibition not only blocked the amnesic effect of reconsolidation-
disrupting drugs, but also blocked the memory enhancing effect
of the reconsolidation-enhancing drugs bicuculine and FK506.
These findings further support the direct and specific role of the
UPS in memory labilization. In other words, labilization process
is required for memory modulation after retrieval. If this process
is blocked, drugs that enhance or disrupt memory during recon-
solidation have no effect.

In the experiments displayed in Figure 4, we found that the
dose of MG132 that was effective to block memory labilization
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did not affect consolidation. Instead, a three times higher dose
was required to impair memory during consolidation. These
data suggest that the requirement and potentially the duration
of protein degradation may be different during consolidation
than during labilization and a higher dose of UPS inhibitor is re-
quired to block such a process.

In the present work we used sulfasalazine, a drug that in-
terferes with an important mechanism of neural plasticity, the
IKK/NF-«kB pathway. This pathway is considered critical for syn-
aptogenesis (Boersma et al. 2011), and has a key role in different
memory models in diverse species (Romano et al. 2006a). Sulfasa-
lazine is a drug that specifically interferes with IKK activity and
was used in different memory tasks (Merlo et al. 2002; Boccia
et al. 2007; Lubin and Sweatt 2007). In addition, we used here
two drugs to produce memory enhancement. One of them, bicu-
culine, is a competitive antagonist of the GABA receptor type A
and was previously used to enhance memory in different taxa
and particularly in crabs (Carbo Tano et al. 2009). Alternatively,
we administered in mice FK506, a specific inhibitor of CaN. The
enhancing effect of FK506 is attributed to the role of CaN as a neg-
ative element in consolidation and reconsolidation (Baumgartel
et al. 2008; Havekes et al. 2008; V de la Fuente, N Federman,
MS Fustinana, G Zalcman, and A Romano, in prep.). Moreover,
this enhancing effect is specific for reconsolidation, because
nonre-exposed animals injected with FK506 did not show memo-
ry improvement (V de la Fuente, N Federman, MS Fustinana,
G Zalcman, and A Romano, in prep.). However, this protein phos-
phatase plays an important role as a positive element in the forma-
tion of fear extinction memory (de la Fuente et al. 2011).

The ubiquitin—proteasome mechanism of protein degrada-
tion is evolutionarily conserved. The use of two models of asso-
ciative contextual memory in different phyla allowed us to
determine the role of UPS in memory consolidation and reconsol-
idation. In conclusion, the UPS plays a similar role with similar
kinetics although the nervous system organization is completely
different in these two species. Our results, together with the pre-
vious evidence, support the notion that during consolida-
tion the degradation of proteins which act as negative elements
is important for the neural plasticity required for memory storage.
During reconsolidation, the degradation of proteins is also criti-
cal to allow the process of labilization in which the stored mem-
ory becomes susceptible to modification on the basis of new
experience.

Materials and Methods
Animals
Crabs

Adult male Chasmagnathus granulatus (recently renamed as
Neohelice granulata), Crustacea, Grapsidae, inter-tidal crabs, 2.6—
2.9 cm across the carapace, weight 17 + 0.2 g (n = 60), were col-
lected from water <1 m deep in the estuarine coasts of San
Clemente del Tuyd, Argentina, and transported to the laboratory
where they were lodged in plastic tanks (30 x 45 x 20 cm) filled to
0.5 cm depth with diluted (12%o, pH 7.4-7.6) marine water (pre-
pared from Cristalsea Marinemix salts) to a density of 20 crabs per
tank. The holding room was maintained on a 12-h light-dark cy-
cle (light on 07:00-19:00 h). Temperature of both holding and ex-
perimental rooms was maintained within a range of 22°C-24°C.
Experiments were performed between the third and the tenth
day after the animals’ arrival. Each crab was used in only one ex-
periment. Experiments were performed in accordance with the lo-
cal regulations for the care and use of laboratory animals. All
efforts were made to minimize animal suffering and to reduce
the number of animals used. Furthermore, all the groups included
the same number of animals in each experiment, 30 crabs.
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Consequently, considering that each experiment included four
groups, the number of crabs used was 120.

Mice

Balb C male mice, 60-70 d of age, weighing 25-30 g, were used
(La Plata University Animal Facilities, La Plata, Argentina). The an-
imals were individually caged and singly housed throughout the
experimental procedures, with water and food ad libitum, under
a 12-h light/dark cycle (lights on at 8:00 a.m.) at a temperature
of 21°C-22°C. Experiments were performed in accordance with
local regulations and the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals (NIH publica-
tion 80-23/96). All efforts were made to minimize animal suffer-
ing and to reduce the number of animals used.

Experimental devices and behavioral procedures
Crabs

The experimental device has been described in detail elsewhere
(Lozada et al. 1990). Briefly, the experimental unit was a bowl-
shaped opaque container surrounded by a steep concave wall 12
cm high (23-cm top diameter and 9-cm floor diameter). The con-
tainer was filled with marine water to a depth of 0.5 cm. The crab
was placed in the container, which was suspended from an upper
wooden framework (23 x 23 x 30 cm) by three strings. A motor-
operated screen (US, an opaque rectangular strip of 25.0 x 7.5
cm) was moved horizontally over the animal from left to right,
and vice versa. The screen’s movements were cyclical. The screen
displacements provoked the escape response of the crab and sub-
sequent container vibrations. Each trial lasted 9 sec and consisted
of two successive cycles of movement. Four microphones were
attached to the center of the outside base of the container. The
microphones recorded the vibrations that were produced by the
animal’s response. These signals were amplified, integrated during
the entire trial (9 sec), and translated into arbitrary numerical
units ranging from zero to 8000. During the experiment, the crabs
were illuminated using a 5-W bulb placed either above or below
the container (Perez-Cuesta et al. 2007). A computer was used to
program the trial sequences, trial illumination, trial duration,
and inter-trial intervals and to monitor the experimental events.
The experimental room contained 40 experimental devices that
were separated from each other by partitions.

The training and other treatment sessions were preceded
by 10 min of adaptation to the experimental device, which was il-
luminated from below throughout. A standard CSM training ses-
sion consisted of 15 US presentations without light shift (above
illumination) with an inter-trial interval (ITI) of 171 sec. A stan-
dard contextual Pavlovian conditioning (CPC) training session
consisted of 15 trials. Each trial lasted 27 sec with above illumina-
tion (CS), and the US was presented during the last 9 sec. The ITI
between US presentations was 171 sec, as in the standard CSM
protocol, but the ITI between CS presentations was 153 sec.
During the ITI, the experimental unit was illuminated from be-
low, which provoked a virtual change in the environmental fea-
tures. The untrained animals were kept in the experimental unit
during the entire training session. These animals were not pre-
sented with the US, but were presented with the same pattern of
light shift. Immediately after each session, the crabs were moved
from the experimental unit to individual resting containers,
which were plastic boxes that were filled with water to a depth
of 0.5 cm. The resting containers were kept inside dimly lit draw-
ers. One trial of the US was presented before the training to mea-
sure the responsiveness of each animal. No differences were found
between groups in this pre-training trial for any of the experi-
ments (Fustifiana et al. 2013).

Mice
The conditioning chamber (context A) was made of transparent
acrylic (24.5 x 24.5 x 42 cm) in a wooden box with a clear front
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lid. The floor of the chamber consisted of parallel stainless-steel
grid bars, each measuring 0.3 mm in diameter and spaced 0.8
mm apart. The grid was connected to a device to deliver the foot-
shocks and tone presentations. Before training, the animals were
handled once a day for 2 d. Training consisted of placing the
mouse in the chamber (context A) and allowing a 2 min acclima-
tization period. After this period, the mice received three trials
(with an ITI of 1 min) of a tone presentation (10 sec, 80 dB), which
coterminated with a footshock (0.6 mA, 1 sec). The mice remained
in the chamber for an additional minute and were returned to
their home cages. Contextual fear conditioning during the test
session was evaluated 2, 8, and 15 d after training by placing the
mice in the training environment for 5 min in the absence of
the footshock and the tone. In all experiments, the animals
were also tested to the tone (cued fear conditioning) 1 d after
the first contextual test, Day 4. This test was performed by present-
ing the same tone used in training session, but in a modified
chamber (context B). Most of the contextual cues present in the
training context were changed (white floor, semicircular green
walls, vanilla odor, different chamber and room light intensity,
and the absence of background noise). The tone was presented
for 4 min after a baseline period of 2 min to evaluate pre-tone
freezing. Each test was videotaped to calculate freezing.

Memory was assessed and expressed as the percentage of time
that the mice spent freezing, which is commonly used as an index
of fear in mice. Freezing was defined as the absence of all move-
ments except those related to breathing. Freezing was scored ac-
cording to an instantaneous time-sampling procedure in which
each animal was observed every 5 sec in a 300 sec testing period
in the case of contextual test (60 measures).

Surgery and injections
Crabs

Fifty microliters of the vehicle (VEH) or drug solution was injected
through the right side of the dorsal cephalothoracic-abdominal
membrane by a syringe that was fitted with a sleeve to control
the depth of penetration to 4 mm, thus ensuring that the injected
solution was released into the pericardial sac.

Mice

Mice were implanted under deep anesthesia (ketamine and xyla-
zine) with a 23-gauge guide cannulae 1 mm dorsally to the dorsal
hippocampus, at coordinates of anterior, —1.9; lateral, +1.2; and
ventral, 1.2, in accordance with the atlas of Paxinos and Franklin
(2001). Guide cannulae were fixed to the skull with dental acrylic.
Experiments were performed after animal recovery and injections
were administered immediately before or after context re-
exposure (see Results) without anesthesia. The injection device
consisted of a 30-gauge cannula connected to a 5 pL Hamilton sy-
ringe with tubing. Initially, the infusion device was filled with dis-
tilled water and a small air bubble was sucked into the injection
cannula, followed by the injection solution. The air bubble al-
lowed for visual inspection of the injection progress. The injection
cannula was inserted into the guide cannula with its tip extending
beyond the guide by 1 mm to reach the dorsal hippocampus. The
injections were administered during 30 sec and operated by hand.
The injection cannula was removed after 60 sec to avoid reflux
and to allow the diffusion of drugs. The volume of each intra-
hippocampal infusion was 0.5 pL/hemisphere. Different injec-
tion devices were used for drug and vehicle. After behavioral pro-
cedures, the animals were injected with black ink and were
decapitated. The brains were placed in 4% paraformaldehyde for
1 d followed by 30% sucrose for an additional 24 h. To verify can-
nulae placement, frozen brains were sliced using a cryostat and
analyzed with a magnifying glass. The deepest position of the nee-
dle was superimposed on serial coronal maps. Only data from an-
imals with cannulae located in the intended sites were included in
the analysis.
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Drugs

The following drugs were used: sulfasalazine (SSZ) [2,4-hydroxy-
((4-((2-pyridinylamino)-sulphonyl)-phenyl)-azo)-benzoic  acid]
(Sigma-Aldrich, St. Louis, MO, USA), which is an NF-«B inhibitor,
was freshly dissolved at a final dose of 1.2 ug/g of animal (5 mM)
in crab (Merlo et al. 2002) and 0.5 pg per hemisphere (2.5 mM)
in mice (Boccia et al. 2007). The proteasome inhibitor MG132
(N-CBZ-LEU-LEU-LEU-AL) (Sigma-Aldrich) was injected at a final
dose of 2.38 pg/animal (750 pM) in crab and 0.05 pwg/hemisphere
and 0.15 pg/hemisphere in mice. In crabs we used (+)-bicuculline
(BIC) (Fluka analytical), which is a competitive antagonist of
GABAA receptor (Carbo Tano et al. 2009), was administered at
a final dose of 2.69 pg/g of animal and MK801 [(+)-5-methyl-
10,11-dihydro-5H-ibenzola,d]cyclohepten-5,10-imine|  (Sigma-
Aldrich) at a final dose of 0.6 ng/g of animal. In mice we
also used (3S$,4R,5S,8R,9E,125,145,15R,16S,18R,19R,26aS5)-5,6,8,
11,12,13,14,15,16,17,18,19,24,25,26,26a-hexadecahydro-5,19-di-
hydroxy-3-[(1E)-2-[(1R,3R,4R)-4-hydroxy-3-methoxycyclohexyl]-
1-methylethenyl]-14,16-dimethoxy-4,10,12,18-tetramethyl-8-(2-
propen-1-yl)-15,19-epoxy-3H-pyrido|2,1-c][1,4]oxaazacyclotrico-
sine-1,7,20,21(4H,23H)-tetrone, monohydrate [FK-506 (FK)]
(Sigma-Aldrich), an inhibitor of the calcineurin phosphatase
(CaN) administered at a final dose of 5 p.g/hemisphere (10 pg/pnL)
(V de la Fuente, N Federman, MS Fustinana, G Zalcman, and A
Romano, in prep.). All the drugs were diluted in dimethyl sulfoxide
(DMSO) which was used as VEH.

Data analysis and drug effect evaluation

In the crab CPC, retention of the learning acquired during train-
ing was considered to have occurred when a significantly lower
level of response in the testing session was found for the trained
group compared with its control group (i.e., both groups were in-
jected with the same solution or treated with the same behavior-
al manipulation). The rationale for this criterion is based on the
previous experiments performed in our laboratory. In these ex-
periments, a significant difference (t-test, « = 0.05) between the
trained (TR) and untrained (UT) groups was invariably identified
at testing sessions that took place 24 h or more after training.
The experiments demonstrating this difference included 15 or
more training trials with 171-sec inter-trial intervels. Accordingly,
for the current experiment, a significant difference was predicted
at testing between the UT and TR groups. Therefore, throughout
the current paper, the results from the behavioral study were ana-
lyzed using a priori planned comparisons via a weighted means
ANOVA with « (per comparison error rate) = 0.05, according to
the standard method (Howell 1987). A lack of difference between
the UT and TR groups was assumed to indicate a lack of memory
retention. The statistical analysis of the test data included a set
of three a priori planned comparisons, namely each pair of UT-
TR groups and the comparison between the two UT groups, using
planned comparisons of least squares means with « (per compar-
ison error rate) < 0.05 (Rosenthal and Rosnow 1985; Howell
1987). A comparison between the control groups that received dif-
ferent treatments was necessary to determine the possible drug or
behavioral manipulation side effects that may have affected the
response level at testing in a manner that was unrelated to train-
ing experience. In all the experiments of the current paper, no dif-
ferences were found in this comparison. For each experiment, a
prediction was made based on the experimental design. In gen-
eral, we could predict that, in the first comparison, a difference be-
tween the UT and TR groups was expected due to the reduction in
the response level that was induced by training in the latter group
(e.g., this group received a strong training protocol without any
other treatment). Conversely, in the second comparison, if the
drug impaired retention, then no differences were expected be-
tween the UT-TR pair. Finally, as long as the behavioral manipu-
lation or the drug did not affect the level of response at testing,
then no difference was expected in the comparison between con-
trol groups. All of the values were represented as the normalized
mean * the standard error with respect to the main control group
(100%, e.g., CPC, P, or VEH).
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In mice, behavioral data were analyzed by two-way ANOVA,
followed by Newman-Keuls multiple comparisons post hoc test,
comparing the values of the percentages of freezing.
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