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Previous Stress Attenuates the Susceptibility to Midazolam’s
Disruptive Effect on Fear Memory Reconsolidation: Influence
of Pre-Reactivation D-Cycloserine Administration

Silvia Gabriela Bustos', Marcelo Giachero', Héctor Maldonado? and Victor Alejandro Molina*''

'Departamento de Farmacologia, IFEC-CONICET, Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba, Haya de la Torre y Medina
Allende, Ciudad Universitaria, Cordoba, Argentina; “Laboratorio de Neurobiologia de la Memoria, Departamento de Fisiologia y Biologia
Molecular, IFIBYNE-CONICET, Pabellon Il, Facultad de Ciencias Exactas y Naturales (C1428EHA), Universidad de Buenos Aires, Buenos Aires,
Argentina

It is well known that, under certain boundary conditions, the retrieval of a stable consolidated memory results into a labile one. During
this unstable phase, memory can be vulnerable to interference by a number of pharmacological agents, including benzodiazepines. One
of the goals of this study was to evaluate the vulnerability to midazolam (MDZ) after reactivation of recent and remote contextual fear
memories in animals that experienced a stressful situation before learning. Animals were subjected to a restraint session and trained in a
contextual fear paradigm the following day; consolidated memories were reactivated at different times after learing and different MDZ
doses (1.5, 3.0 mg/kg) were administered to rats after reactivation. Our results show that MDZ did not affect memory reconsolidation in
older-than-one-day memories of stressed animals, even after the administration of a higher MDZ dose and a longer reactivation session
(5min). In contrast, MDZ was effective in blocking reconsolidation at all memory ages in unstressed animals. In addition, the current
research investigated whether activating NMDA sites before reactivation promotes the destabilization of resistant memories such as
those of stressed animals. We tested the influence of pre-reactivation D-cycloserine (DCS), a partial NMDA agonist, on MDZ's effect on
fear memory reconsolidation in stressed animals. Our findings indicate that DCS before reactivation promotes retrieval-induced lability in
resistant memory traces, as MDZ-induced memory impairment in stressed rats became evident with pre-reactivation DCS but not after

pre-reactivation sterile isotonic saline.

INTRODUCTION

A number of studies have revealed that stressful experiences
can affect cognitive functions, including those related
to emotional learning and memory (Payne et al, 2007;
Roozendaal, 2002; Roozendaal et al, 2009). Although these
effects are dependent on a number of factors (Bisaz et al,
2008), numerous studies have revealed a facilitating role
of stress, and of hormones functionally associated with
stressful experiences on the consolidation of aversive
memory (Cordero et al, 2003; McGaugh, 2002; Rodriguez
Manzanares et al, 2005; Roozendaal et al, 2008; Shors and
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Mathew, 1998). These results are consistent with the wide-
spread notion that emotionally arousing experiences induce
stronger and long-lasting memories than neutral ones (Cahill
and McGaugh, 1998; McGaugh, 2004; Sandi, 1998).

The recall of a previously stable consolidated memory may
render that memory labile under certain boundary conditions.
That is, after retrieval the memory trace becomes susceptible
to interference by pharmacological agents, including benzo-
diazepines’ ligands, within a limited time window (Bustos
et al, 2006). After this labile phase, memories undergo a re-
stabilization process dependent on new protein synthesis
usually referred to as reconsolidation (Alberini, 2005; Dudai,
2006; Nader et al, 2000; Sara, 2000). This process has been
reported in a wide number of species (Anokhin et al, 2002;
Pedreira and Maldonado, 2003; Sangha et al, 2003; Suzuki
et al, 2004), including humans (Forcato et al, 2007; Walker
et al, 2003), and evidenced in a variety of memory paradigms
involving either aversive or appetitive stimuli (Dudai and
Eisenberg, 2004; Lee et al, 2005).
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The emergence of retrieval-induced lability and the
subsequent development of the protein-dependent recon-
solidation process are closely associated with the protocol of
memory reactivation (Riccio et al, 2007). Moreover, there
are boundary conditions that place constraints on the onset
of both the labile phase and the re-stabilization process
(Tronson and Taylor, 2007). For instance, memory age, the
duration of the reactivation period, and the interaction
between these two factors have a decisive influence on the
susceptibility to disruption after memory reactivation
(Bustos et al, 2009; Suzuki et al, 2004). As memory ages,
it is more difficult to induce post-retrieval retrograde
amnesia by pharmacological intervention as compared with
newer memories (Frankland et al, 2006; Milekic and
Alberini, 2002; Suzuki et al, 2004). Regarding the duration
of the reactivation session, a brief one results in reconso-
lidation, whereas a prolonged or repeated reactivation
sessions induces extinction of the consolidated memory
(Tronson and Taylor, 2007). Interestingly, a slight increase
in the duration of the reactivation session promotes the
vulnerability of remote memories to drug-induced inter-
ference (Bustos et al, 2009; Suzuki et al, 2004).

The behavioral sequelae of stressful experiences including
those exerted on the emergence of aversively motivated
memory are closely linked to reduced central GABAergic
neurotransmission. In line with this argument, it has been
proposed that the decrease in the inhibitory GABAergic
control has a major role in the promoting effect of stress on
both formation of fear memory and induction of long-term
potentiation (LTP) in the basolateral amygdala complex
(BLA) (Rodriguez Manzanares et al, 2005). Moreover, not
only allosteric modulators of GABA-A receptors such as
benzodiazepine (BDZ) agents (positive modulators) but also
the inverse agonist (negative modulators) of BDZ sites have
a decisive influence on learning and memory processes
(Bovet et al, 1966; Brioni and McGaugh, 1988; Brioni
et al, 1993; Castellano and McGaugh, 1989; Castellano et al,
1989; Chapouthier and Venault, 2002; Izquierdo et al, 1990;
Jasnow and Huhman, 2001; Luft et al, 2004). Accordingly,
a robust interference of fear memory reconsolidation
was reported after midazolam (MDZ), a short acting BDZ
ligand, administered briefly after reactivation (Bustos et al,
2006, 2009). Benzodiazepines are universally used for the
clinical management of diverse fear and anxiety disorders
mostly associated with traumatic memories. One of the
aims of this study was to assess MDZ vulnerability after
reactivation of recent and remote contextual fear memories
in animals that had experienced a stressful situation
before learning.

Recent data have showed that the blockade of amygdala
NMDA sites interfere with retrieval-induced lability, as the
reactivated memory became immune to the disrupting
effect of a protein synthesis inhibitor (Ben Mamou et al,
2006). These findings suggest that the activation of NMDA
receptors is an essential neurobiological event for the
occurrence of the labile phase during memory reactivation.
Hence, the current research investigated whether activating
NMDA sites before reactivation promotes the destabiliza-
tion of resistant memories such as those formed in
previously stressed. To achieve this goal, we tested the
influence of D-cycloserine (DCS), a partial NMDA agonist
administered before recall, on MDZ’s disruptive effect on
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fear memory reconsolidation in animals subjected to
restraint before fear acquisition.

METHODS AND MATERIALS
Animals

Male Wistar rats (weighing between 280 and 320 g) from our
colony maintained at the Department of Pharmacology of
the Facultad de Ciencias Quimicas, Universidad Nacional de
Cérdoba were used. Animals were housed in standard
laboratory Plexiglas cages (dimension of the cages:
30 x 45 x 18 cm) in groups of three per cage. Food and
water were available ad libitum. Animals were maintained
on a 12-h light/dark cycle (lights on at 0700 hours) and at a
room temperature of 21-23°C. The protocols used were
approved by the Animal Care Committee of the Facultad de
Ciencias Quimicas, Universidad Nacional de Cordoba and
are consistent with the standards outlined in the NIH Guide
for the Care and Use of Laboratory Animals. The number of
animals used, as well as their suffering, was kept to
the minimum possible needed to accomplish the goals of
this study.

Drugs

Midazolam (Gobbi Novag S.A., Buenos Aires, Argentina)
was diluted in sterile isotonic saline (SAL) (0.9% w/v) to a
concentration of 1.0, 1.5, and 3.0 mg/ml and administered
intraperitoneally (i.p.). The total volume of drug or an
equivalent amount of SAL was 1.0 ml/kg in all cases.

D-Cycloserine (Sigma, Poole, UK) was dissolved in saline
for ip. injection (1ml/kg). The dose of DCS selected
(15mg/kg) was reported to facilitate extinction of fear
memory (Bertotto et al, 2006; Ledgerwood et al, 2003;
Walker et al, 2002).

Stressor

Rats were transferred in their home cages to an experi-
mental room and placed in a plastic restrainer (fitted closely
to the body size with only the tail and the tip of the nose free
(Cancela et al, 1988). At the end of the stress session, rats
were returned to the colony room. Control animals were
transferred to the experimental room, gently handled and
then returned to the colony room.

Conditioning Apparatus

The conditioning environment was designated as context A
(A). It was made of gray plastic (20 x 23 X 20 cm) with a
clear lid and the floor consisted of 10 parallel stainless steel
grid bars, each measuring 4mm in diameter and spaced
1.5cm a part (center to center), enclosed within a sound
attenuating chamber. The grid floor was attached to a
scrambled shocker (Ugo Basile Biological Research
Apparatus, Italy) to provide footshock. Background noise
was provided by ventilation fans and shock scramblers
(55dB). The illumination was provided by a 25W
white light bulb.

A second distinctive environment designated as context B
(B) was made as different as possible from A, and located in



a different room. The novel context was made of wood and
had a transparent plastic lid, black walls and black rubber
floor, dimensions being 33 x 25 x 33 cm. The chamber was
brightly illuminated by three lights.

Experiments were always performed between 1100 and
1400h with the experimenters unaware of the treatment
condition.

Behavioral Procedure

Rats were habituated to handling and injected with SAL for
at least 2 days before the start of each experiment. Each
experiment consisted of four phases: stress session,
conditioning, re-exposure (reactivation session), and testing
session. An acoustically isolated room was used to run
the training and the other phases (re-exposure and test) of
the experiment.

Stressor session. On day 1, rats were placed for 30 min in the
plastic restrainer. This procedure was selected on the basis
of earlier findings from our laboratory using a similar stress
protocol to that performed in this study (Martijena et al,
1997, 2002; Rodriguez Manzanares et al, 2005; Isoardi et al,
2007). In these studies we showed that stress exposure
attenuated the inhibitory GABAergic control in BLA,
leading to neuronal hyperexcitability and facilitated induc-
tion of LTP in BLA, associated with the enhancement of fear
memory. These effects were reversed by local and systemic
benzodiazepine administration.

Contextual fear conditioning. On day 2, animals were
subjected to the conditioning procedure (Bustos et al, 2006,
2009; Isoardi et al, 2004). Training consisted in placing each
rat in the chamber (A) and allowing a 3 min acclimation
period (pre-shock period). After this session, rats received
three footshocks (0.25mA, 3s duration at an intershock
interval 30 s; unconditioned stimuli). Animals remained in
the chamber for an additional 2 min (post-shock period). At
the end of this period, rats were removed and subsequently
placed in their home cages.

Re-exposure session. Rats were re-exposed to A without
shocks for different periods of time (3 or 5min) 1, 7, or 21
days after training, according to the experiment performed.

Test session. The test was always assessed 24h after re-
exposure to A by re-placing the rats in the training
environment for 5 min.

The freezing response of each rat was scored during the
3min pre-shock period, the 2min post-shock period, the
reactivation trial, and testing session. The total time spent
freezing in each period was quantified (in seconds) using a
stopwatch and expressed as the percentage of total time
(Bustos et al, 2006, 2009). Freezing, a commonly used index
of fear in rats (Blanchard and Blanchard, 1969), was defined
as a total absence of body and head movement except that
associated with breathing.

Additional groups of rats were conditioned and received
injections of SAL or MDZ after exposure to B (no
reactivation procedure).
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Each experiment was independently conducted with
different rats, and with conditions counterbalanced in
running time.

The aim of this first series of experiments (Experiments
1-3) was to examine the influence of previous stress on the
interplay between the CS re-exposure duration, the age of
the memory trace, and the disruptive efficacy of different
MDZ doses on memory reconsolidation.

Experiment 1

This experiment was designed to evaluate the influence of
stress on MDZ’s disruptive effect on the reconsolidation
process of a 1-day fear memory. We investigated the
efficacy of different doses of MDZ post-reactivation to
interfere with fear memory reconsolidation in rats subjected
to previous stress. On day 1, animals were randomly
assigned to two experimental groups NO STRESS (NS) and
STRESS (S). The STRESS group was immobilized as
described before and NO STRESS rats were returned to
their home cages without any further manipulation. On day
2, both groups were trained as previously described and,
24 h later, re-exposed to A either for 3 or 5 min (reactivation
procedure) and immediately administered (i.p.) either with
SAL (3min, NS (n=9), S (n=7); 5min, NS (n=10), S
(n=9)); MDZ 1.5 mg/kg (3 min, NS (n=7), S (n=8); 5 min,
NS (n=10), S (n=11)), or MDZ 3 mg/kg (3 min, NS (n=38),
S (n=11); 5min, NS (n=10), S (n=11)). One day later,
rats were re-located in A and their freezing scored (test).

To test whether the potential impairment induced by
MDZ is selectively dependent on the reactivation procedure,
additional NO STRESS and STRESS groups were trained as
previously described except that on day 3 rats were placed
in a novel context (B). After exposure to B, animals were
injected either with SAL (NS (n=6), S (n=7)) or MDZ
1.5 mg/kg (NS (n=38), S (n=9)), the test was conducted 1
day later by relocating the rats in A for 5 min. Fear memory
was assessed as previously described.

Experiment 2

This experiment was designed to evaluate the influence of stress
on MDZ’s disruptive effect on the reconsolidation of a 7-day
fear memory. Animals were randomly assigned to two
experimental groups (NO STRESS and STRESS) and on days
1 and 2, submitted to the same treatment as described in
experiment 1. Memory was reactivated 7 days later for different
periods of time (3 or 5min) and rats were either administered
with SAL (3min, NS (n=10), S (n=7); 5min, NS (n=10),
S (n=7)); MDZ 1.5mg/kg (3 min, NS (n=38), S (n=8); 5min,
NS (n=10), S (n=12)) or MDZ 3 mg/kg (3 min, NS (n=8),
S (n=9); 5min, NS (n=10), S (n=12)) immediately after
re-exposure. One day later, rats were relocated in A and their
freezing assessed for a 5-min period.

Experiment 3

This experiment was designed to investigate the influence of
stress on MDZ’s disruptive effect on the reconsolidation of a
21-day fear memory. Animals were randomly assigned to
two experimental groups (NO STRESS and STRESS) and on
days 1 and 2, submitted to the same treatment as described
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in experiment 1. Memory was reactivated 21 days later and
rats were either administered with SAL (NS (n=10), S
(n=8)) or MDZ 1.5mg/kg (NS (n=7), S (n=9)) or MDZ
3mg/kg (NS (n=11), S (n=9)) immediately after re-
exposure. One day later, all rats were re-exposed to A and
their freezing recorded (test).

Experiment 4

Finally, we investigate the influence of pre-reactivation DCS
administration on MDZ’s disruptive effect on the reconso-
lidation of a 7-day fear memory in NO STRESS and STRESS
animals. This time point was selected on the basis of the
previous findings. A 7-day memory in control unstressed
animals is specifically reactivated by re-exposure to the
associated context (Biedenkapp and Rudy, 2007; Bustos
et al, 2009; Wiltgen and Silva, 2007). Moreover, at this time
point, the vulnerability to MDZ’s disruptive effect on
memory reconsolidation is similar to the one observed in
1-day-old memories (Bustos et al, 2009).

Animals were randomly assigned to two experimental
groups (NO STRESS and STRESS) and submitted to the
same treatment on days 1 and 2 as described in Experiment
1. Seven days later, 30 min before a 3-min reactivation
period, rats received either DCS or SAL. Immediately after,
rats received SAL (NS-SAL-SAL (n=12), NS-DCS-SAL
(n=11), S-SAL-SAL (n=12), S-DCS-SAL (n=12)) or
MDZ 3mgkg (NS-SAL-MDZ (n=14), NS-DCS-MDZ
(n=12), S-SAL-MDZ (n=10), S-DCS-MDZ (n=11)). One
day later, rats were re-located in A and their freezing
recorded (Test 1). Ten days after this testing trial, animals
were located again in A and their freezing recorded (Test 2).

Statistical Analysis

Results were expressed as mean + SEM. Significant ANO-
VAs were followed by post hoc Bonferroni analysis to enable
specific groups comparison (P<0.05 was regarded as
significant).

2
NO STRESS o4 h sah

RESULTS
Experiment 1

Previous stress enhanced the resistance of a I-day
memory trace to MDZ’s disruptive effect on fear memory
reconsolidation. We have demonstrated that the CS re-
exposure duration and the interval between fear training
and re-exposure determines the effectiveness of MDZ to
disrupt fear memory reconsolidation (Bustos et al, 2009). In
this experiment, we next asked whether previous stress can
influence MDZ’s ability to disrupt reconsolidation of a
recent fear memory.

As depicted in Figure 1b, during the 3 min reactivation
period no difference was found between SAL, MDZ 1.5 and
MDZ 3 mg/kg-treated rats between both groups (NO
STRESS and STRESS) in their freezing response. In line
with Bustos et al (2009), a significant reduction of freezing
was found in MDZ-treated rats during the test at both doses
(1.5 and 3mg/kg) in NO STRESS group. These findings
support the view that MDZ prevents the reconsolidation of a
1-day fear memory. Conversely, previously restrained rats
(STRESS group), administered with SAL or MDZ (1.5 and
3 mg/kg) after a 3 min re-exposure, displayed similar levels
of freezing at the test. These data reveal that MDZ does not
affect reconsolidation under this experimental condition.
A stress pre-treatment (STRESS, NO STRESS) x drug treatment
(SAL, MDZ 1.5, MDZ 3.0) x sample (CS re-exposure,
test) ANOVA revealed significant main effects for stress
pre-treatment (F(1,44) =35.792, P<0.01), drug treatment
(F(2,44) =18.485, P<0.01), and sample (F(1,44)=148.94,
P<0.01), and significant pre-treatment X treatment (F(2,44) =
20.178, P<0.01), pre-treatment x sample (F(1,44) =74.054,
P<0.01), sample x treatment (F(2,44)=13.029, P<0.01)
and sample X pre-treatment x treatment (F(2,44) = 12.686,
P<0.01) interactions. The post hoc analysis revealed that
only in the NO STRESS group did MDZ-administered rats
exhibit significantly less freezing than SAL-administered
rats during the test (P<0.004).

The reactivation duration is an important constraint of
retrieval-induced memory lability. Moreover, the CS

» A-US > A 24h A
STRESS > > RE-EXPOSURE TEST o SAL
30r5 MIN. = MDZ 1.5
MDZ 1.5,3 mg/Kg or SAL B MDz 3
b 3 MIN. RE-EXPOSURE c 5 MIN. RE-EXPOSURE
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RE-EXPOSURE TEST

Figure |

0
NO STRESS STRESS NO STRESS STRESS
TEST

RE-EXPOSURE

Influence of earlier stress on the effect of MDZ (1.5 or 3mg/kg) on the reconsolidation of | day fear contextual memory. (a) Experimental

design used with data presented below. (b) MDZ |.5 or 3 mg/kg administration after a 3 min re-exposure has no effect on the reconsolidation process in
STRESS group (n=7/10 per group). (c) Reconsolidation after 5 min re-exposure is disrupted by MDZ administration (1.5 and 3 mg/kg) in both groups (NO
STRESS and STRESS) (n = 9/10 per group). Data are the mean = SEM percentage of time spent freezing during re-exposure to A (3 or 5 min) and during the

test. *Significantly different than SAL group during the test (P<0.02).
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re-exposure duration affects the vulnerability of memories
of different ages to the disruptive influence of MDZ (Bustos
et al, 2009). The effect of MDZ administration on fear
memory reconsolidation after a longer reactivation session
(5min) is shown in Figure 1c. As opposed to the absence of
effect observed after a shorter reactivation period, reconso-
lidation following a longer re-exposure trial (5 min) became
sensitive to MDZ’s interfering influence in both groups (NO
STRESS and STRESS).

A stress pre-treatment (STRESS, NO STRESS) x drug
treatment (SAL, MDZ 1.5, MDZ 3.0) x sample (CS re-
exposure, test) ANOVA revealed significant main effects for
drug treatment (F(2,55)=16.389, P<0.01), and sample
(F(1,55)=100.12, P<0.01), and sample x pre-treatment
(F(1,55) =1.6109, P=0.21), and sample x drug treatment
(F(2,55) =31.036, P<0.01) interactions. The post hoc
analysis revealed that MDZ-administered rats exhibited
significantly less freezing than SAL-administered rats
during the test in both groups (STRESS and NO STRESS)
(P<0.002).

In summary, in STRESS rats, MDZ disrupts contextual
fear memory reconsolidation solely when administered after
a 5min re-exposure session to the associated context while
it is ineffective after a 3 min re-exposure.

Figure 2b shows that MDZ 1.5mg/kg had no effect on
memory when rats were subjected to a 5min exposure to B.
A stress pre-treatment (STRESS, NO STRESS) x drug
treatment (SAL, MDZ 1.5) x sample (B-exposure and test)
ANOVA revealed significant main effect for stress
pre-treatment (F(1,26) =16.642, P<0.01), and sample
(F(1,26) =65.157, P<0.01), and sample X pre-treatment

a
NOSTRESS | A
220 aus 20, B 240 A
STRESS EXPOSURE TEST
5 MIN.
MDZ 1.5 mg/Kg or SAL
b 120 [ISAL
100 EMDZ 1.5
< 80
O]
Z 60
N
49
o *
.
0 - I

NO STRESS STRESS NO STRESS STRESS
TEST

B-EXPOSURE

Figure 2 Effect of MDZ 1.5mg/kg administration after 5 min exposure
session to B (NO reactivation-B exposure). (a) Experimental design used
with data presented below. (b) MDZ administration after exposure to a
novel environment did not affect memory when tested in the associated
context (a). Similar levels of freezing were observed between SAL- and
MDZ-treated rats (1.5 mg/kg) in both groups (NO STRESS and STRESS)
during the test. Data are the mean * SEM percentage of time spent freezing
during exposure to B and during the test (n = 6/9 per group). *Significantly
different than the rest of the groups during exposure to B and during the
test (P<0.01).
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interaction (F(1,26) =6.4536, P=0.02). The post hoc
analysis revealed that when exposed to B, the NO STRESS
group exhibited significantly less freezing than the STRESS
group, but also less freezing than all the groups re-exposed
to A during the test (P<0.02). During such test, no
differences were observed among any of the groups.

Similar levels of freezing between SAL and MDZ-injected
STRESS animals were observed during the exposure to the
novel context (no reactivation) and during the test.

In short, these findings indicate, first, that re-exposure
to the associated environment (reactivation session) is
essential for MDZ’s disruptive effect on memory recon-
solidation.

Experiment 2

A 7-day memory trace in previously stressed rats remains
immune to MDZ post-reactivation administration. As
previously shown, MDZ blocks the reconsolidation of a
7-day contextual fear memory when administered after a
3-min reactivation period (Bustos et al, 2009). Therefore,
the present experiment tested (a) whether a traumatic event
before conditioning influenced retrieval-induced lability of
a 7-day fear memory, and (b) whether increasing the CS
re-exposure session affected MDZ interference with mem-
ory reconsolidation. In this experiment, a similar protocol
to that described in Experiment 1 was used but the
re-exposure session was performed 7 days after conditioning.
Following memory reactivation (3 or 5min), rats were
injected either with SAL, MDZ 1.5 mg/kg or MDZ 3 mg/kg
and subsequently tested in the associated context. As
depicted in Figure 3b and ¢, both groups (STRESS and
NO STRESS) showed similar levels of freezing during the
re-exposure session. As expected, fear memory was disrupted
by both MDZ doses in the NO STRESS group. In contrast,
MDZ did not affect the reconsolidation of a 7-day memory
in the STRESS group even after a longer reactivation period
(5min). In fact, SAL- and MDZ-treated animals exhibited
similar levels of freezing during the test (Figure 3b and c).
In the 3min re-exposure experiment, a stress pre-
treatment (STRESS, NO STRESS) x drug treatment (SAL,
MDZ 1.5, MDZ 3.0) x sample (CS re-exposure, test) ANOVA
revealed significant main effect for pre-treatment
(F(1,44) =47.982, P<0.01), drug treatment (F(2,44)=
8.6362, P<0.01), and sample (F(1.44)=117.59, P<0.01),
and significant pre-treatment x drug treatment (F(2,44) =
7.8623, P<0.01), sample X pre-treatment (F(1,44) =70.461,
P<0.01), sample x drug treatment (F(2,44) =6.6416,
P<0.01), and sample X pre-treatment x drug treatment
(F(2,44)=13.808, P<0.01) interactions. The post hoc
analysis revealed that MDZ-administered rats exhibited
significantly less freezing than SAL-administered rats
during the test only in the NO STRESS group (P<0.01).
With 5min re-exposure, a stress pre-treatment (STRESS,
NO STRESS) x drug treatment (SAL, MDZ 1.5, MDZ
3.0) x sample (CS re-exposure, test) ANOVA revealed
significant main effect for pre-treatment (F(1,55) =17.725,
P<0.01), drug treatment (F(2,55)=11.622, P<0.01), and
sample (F(1.55) =81.307, P<0.01), and sample X pre-treat-
ment (F(1,55) =16.833, P<0.01), sample x drug treatment
(F(2,55)=9.7279, P<0.01) interactions. The post hoc
analysis revealed that MDZ rats exhibited significantly less
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Influence of stress on the effect of MDZ on the reconsolidation of a 7 days fear contextual memory. (a) Experimental design used with data

presented below. (b) and (c) MDZ 1.5 or 3 mg/kg does not affect reconsolidation of a 7-day fear memory regardless of the duration of the re-exposure
period (3 or 5min) in previously stressed animals. Data are the mean + SEM percentage of time spent freezing during re-exposure to A (3 or 5min) and
during the test (n=7/12 per group). *Significantly different than SAL group during the test (P<0.01).

freezing than SAL-administered rats during the test only in
the NO STRESS group, (P<0.01).

In summary, MDZ does not affect reconsolidation of a
7-day fear memory in STRESS animals, regardless of the
duration of the re-exposure period and the MDZ doses
used.

Experiment 3

Previous stress prevents MDZ’s disruptive effect on
memory reconsolidation of a 21-day fear contextual
memory. Both groups (STRESS and NO STRESS) showed
similar levels of freezing during the re-exposure session
(Figure 4b), whereas the fear behavior of NO STRESS rats
was reduced after both doses of MDZ during the test. In
contrast, MDZ did not affect the freezing behavior of a
21-day memory in the STRESS group (Figure 4b).

Statistically, a stress pre-treatment (STRESS, NO
STRESS) x drug treatment (SAL, MDZ 1.5, MDZ 3.0) x
sample (CS re-exposure, test) ANOVA revealed significant
main effect for pre-treatment (F(1,48)=40.82, P<0.01),
sample (F(1.48) =91.73, P<0.01), and drug treatment
(F(2,48) =19.93, P<0.01), and pre-treatment x drug treat-
ment (F(2,48) =12.85, P<0.01), sample x pre-treatment
(F(1,48)=50.39, P<0.01), samplex drug treatment
(F(2,48) =12.59, P<0.01), and sample x pre-treatment X
drug treatment (F(2,48) =7.70, P<0.01) interactions. A post
hoc analysis revealed that rats injected with MDZ showed
significantly less freezing than SAL-injected ones during the
test only in the NO STRESS group (P<0.01).

In conclusion, the reconsolidation of a 21-day fear
contextual memory is immune to MDZ’s interference effect
in STRESS animals.

Experiment 4

DCS pre-reactivation facilitates retrieval-induced lability
in a memory resistant to MDZ’s effect on memory
reconsolidation. As observed in the previous experiments,
older memories from STRESS animals remained immune to
the typical MDZ interference on fear memory reconsolida-
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Figure 4 Influence of stress on the effect of MDZ on reconsolidation of
a 2|-day fear contextual memory. (a) Experimental design used with data
presented below. (b) MDZ 1.5 or 3mg/kg administered after 5min re-
exposure does not affect reconsolidation of a 21-day fear memory in
previously stressed animals. Data are the mean * SEM percentage of time
spent freezing during re-exposure to A and during the test (n=7/10 per
group). *Significantly different than SAL group during the test (P<0.01).

tion even after the higher dose and after a longer
reactivation period.

The current experiment was designed to facilitate
retrieval-induced lability of a memory resistant to inter-
ference after MDZ administration. To achieve this goal, we
study the influence of DCS, a partial NMDA agonist,
administered before the reactivation on the MDZ’s effect on
memory reconsolidation.



Comparable levels of freezing were displayed by the
different experimental groups during re-exposure, indicat-
ing that the pharmacological treatment influenced neither
the retrieval process nor the behavioral expression. In the
NO STRESS group, the means are as follows: SAL-SAL,
95.76 (SD =2.46); SAL-MDZ3, 84.83 (SD =2.27); DCS-SAL,
95.58 (SD=2.56); DCS-MDZ3, 91.16 (SD=2.13). In the
STRESS group, the means are as follows: SAL-SAL, 97.98
(SD =2.46); SAL-MDZ3, 84.85 (SD =2.69); DCS-SAL, 94.83
(SD =2.46); DCS-MDZ3, 90 (SD =2.56). The effect of pre-
reactivation DCS administration on subsequent conditioned
freezing (tests 1 and 2) is shown in Figure 5b. DCS had no
impact when both groups (STRESS—NO STRESS) were
administered with SAL. NO STRESS group rats that were
treated with SAL or DCS and later on with MDZ 3 mg/kg
displayed the typical interference on memory reconsolida-
tion. As previously observed, STRESS group animals that
received SAL before re-exposure followed by post-reactiva-
tion MDZ did not show a freezing deficit similar to
Experiment 1. STRESS group rats treated first with DCS
and later with MDZ 3 mg/kg exhibited the usual amnesic
effect of MDZ on fear memory reconsolidation. Further-
more, persistent low freezing levels were observed in MDZ-
administered animals that were re-exposed to the training
context 10 days after test 1 (test 2). These findings
demonstrate the long-lasting interference of MDZ on fear
memory reconsolidation in pre-reactivated DCS-adminis-
tered animals.

A stress pre-treatment (STRESS, NO STRESS) x drug
treatment pre-re-exposure (SAL vs DCS) x drug treatment
post-re-exposure (SAL, MDZ 3.0) x sample (CS re-expo-
sure, tests 1 and 2) ANOVA revealed sample x pre-
treatment x drug treatment pre-re-exposure x drug treat-
ment post-re-exposure interaction (F(2,180)=4.1406,
P<0.02). A post hoc analysis revealed that rats injected
with SAL or DCS pre-re-exposure and then treated with
MDZ showed significantly less freezing than rats injected
with SAL post-re-exposure during the tests 1 test 2 only in
the NO STRESS group (P<0.01). In STRESS rats group, a
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post hoc analysis showed that only the group pre-treated
with DCS and then injected with MDZ showed significantly
less freezing than rats pre-treated with DCS and post-re-
exposure injected with SAL, during the tests 1 and 2
(P<0.01).

All together, these data suggest that DCS pre-reactivation
facilitates the occurrence of retrieval-induced lability in a
7-day memory of STRESS rats, thus restoring the suscepti-
bility of fear memory reconsolidation to MDZ disruptive
effects.

In order to determine whether the effect of DCS on
memory destabilization is selectively dependent on memory
reactivation, animals of the STRESS group were immobi-
lized as previously described, and on day 2 both groups
(STRESS and NO STRESS) were trained as usual. Seven days
later, rats were administered with DCS or SAL 30 min before
the exposure to a novel context (B) for 3min (No-
reactivation procedure). Immediately after this exposure,
rats were administered either with SAL (NS-SAL-SAL
(n=8), NS-DCS-SAL (n=09), S-SAL-SAL (n=38), S-DCS-
SAL (n=8)) or MDZ 3 mg/kg (NS-SAL-MDZ (n=8), NS-
DCS-MDZ (n=8), S-SAL-MDZ (n=9), S-DCS-MDZ
(n=8)). The following day, all animals were tested in the
training context.

DCS administration before exposure to the novel
environment together with MDZ 3 mg/kg administration
had no effect on fear memory at the test (Figure 6b). A
stress pre-treatment (STRESS, NO STRESS) x drug treat-
ment pre-exposure (SAL vs DCS) x drug treatment post-
exposure (SAL, MDZ 3.0) x sample (B-exposure and test)
ANOVA revealed main effects for pre-treatment
(F(1,58) =50.87, P<0.01), and sample (F(1,58)=152.13,
P<0.01), and sample x pre-treatment (F(1,58)=54.91,
P<0.01), and sample x pre-treatment x drug treatment
pre-exposure (F(1,58)=8.62, P<0.01) interactions. The
post hoc analysis revealed that, when exposed to B, the
NO STRESS groups exhibited significantly less freezing than
the STRESS groups and than the rest of the groups re-
exposed to A during the test (P<0.01). Similar levels of

a
NO STRESS 24h 7 days A 24 h A 10 days A
» A-US » RE-EXPOSURE > TEST 1 > TEST 2
STRESS 3 MIN
DCS 15 mg/Kg MDZ 3 mg/Kg
or SAL or SAL
b 120 -
100 1 O SAL-SAL
< o SAL-MDZ 3
& 80 B DCS-SAL
g m DCS-MDZ 3
= 60 5
N +
w
& 40 -
i x
20 A |‘

""NOSTRESS _ STRESS

TEST 1

Figure 5

NO STRESS STRESS

TEST 2

Influence of pre-reactivation DCS administration on MDZ’s disruptive effect on reconsolidation of a 7-day-old fear memory in previously

stressed animals. (a) The behavioral procedures used in the experiment. (b) DCS pre-reactivation facilitates MDZ's disruptive effect on the reconsolidation
of a 7-day contextual fear memory in previously stressed animals. Data are the mean + SEM percentage of time spent freezing during tests | and 2 (n= 10/
14 per group). *Significantly different than SAL-SAL group (P<0.01). *Significantly different than DCS-SAL group (P<0.01).
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Figure 6

Influence of DCS administration before the exposure to a novel environment (B—no reactivation session) on MDZ's influence on a 7-day fear

memory reconsolidation. (a) Experimental design used with data presented below. (b) Neither DCS nor MDZ affects memory reconsolidation during
testing. Data are the mean + SEM percentage of time spent freezing during exposure to B (3 min) and during the test (A re-exposure) (n=8/10 per group).
*Significantly different than the rest of the groups during exposure to B and during the test (P<0.01).

freezing during exposure to B and during the test were
observed in the STRESS groups thus indicating that fear
memory reconsolidation is not affected by MDZ when
administered after the no-reactivation procedure.

These findings indicate that DCS only facilitates the
occurrence of retrieval-induced lability in a 7-day memory
of STRESS rats when administered before re-exposure to the
associated environment (reactivation session).

DISCUSSION

As expected (Bustos et al, 2006, 2009; Zhang and Cranney,
2008), freezing during testing in unstressed animals
revealed the typical reconsolidation impairment induced
by MDZ when administered immediately after a brief
reactivation of a recent memory. In contrast, MDZ’s
disruptive effect was absent in stressed rats when adminis-
tered after a brief reactivation period (3 min). However,
increasing the CS re-exposure duration in a recent trace
(1 day memory) favours the onset of the labile phase, as MDZ
interfered with memory reconsolidation in stressed animals
when the reactivation was prolonged to a 5-min session.
Hence, and as previously stated (Bustos et al, 2009; Suzuki
et al, 2004), enhancing the reactivation duration favours the
destabilization of established consolidated fear memories.
Interestingly, stressed animals exposed to a different
context (context B-NO reactivation procedure) exhibited a
significant increase in their freezing response, thus suggest-
ing the emergence of a generalization phenomenon.
Alternatively, earlier exposure to the restraint and shock
experiences may result in a higher unconditioned freezing
response when rats are subsequently exposed to an
illuminated and novel context (context B). In support of
this view, a number of studies have shown that previous
stressful stimuli lead to exaggerated fear when stressed
animals are faced with novel stimuli that would normally
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induce minimal emotional disturbances (Adamec et al,
2005; Bignante et al, 2008; Martijena et al, 1997, 2002). In
fact, MDZ administration after exposure to the non-
associated context does not affect the established fear
memory, as a robust freezing behavior was still evident
when MDZ-administered animals were subsequently tested
in the associated environment. Thus, the selectivity of this
treatment targeting memory reconsolidation is evidenced
by the fact that there is no effect on memory reconsolida-
tion when the pharmacological intervention is applied in
the absence of the reactivation procedure (exposure to a
different context). The generalization phenomenon to other
context outside the conditioning environment has been
previously reported in animals previously trained with
high-intensity footshocks (Baldi et al, 2004). Therefore, it
seems appropriate to suggest that increasing the fear status
due to earlier aversive experience or by increasing
footshock intensity during training promotes the onset of
the generalization phenomenon or of an excessive uncondi-
tioned freezing response to novel stimuli.

We have previously reported that the vulnerability to
MDZ gradually decreases with age and is fully evident in a
36-day memory (Bustos et al, 2009). A number of reports
have demonstrated that as the time interval between
training and reactivation increases, the trace memory
becomes gradually insensitive to diverse pharmacological
procedures (Bustos et al, 2009; Milekic and Alberini, 2002;
Suzuki et al, 2004). According to the present findings, this
phenomenon is clearly potentiated in animals that have
experienced a stressful event. In fact, MDZ did not
significantly affect memory reconsolidation of older mem-
ories (7- and 21-memory age) in stressed animals, even
following the higher MDZ dose and after the longer
reactivation session (5 min), whereas it was clearly effective
in blocking reconsolidation at the same memory ages in
unstressed animals. These data strongly suggest that the
experience of a traumatic event before fear acquisition



strengthens fear memory formation and attenuates the
degree of memory instability after retrieval (which becomes
more evident in older memories). In support of the view
that stronger memories are less vulnerable to disruption
after recall, several authors showed that the increase in the
number of footshock trials during fear acquisition produces
a memory trace that is more resistant to interference after
reactivation (Suzuki et al, 2004; Taubenfeld et al, 2009;
Wang et al, 2009). It is widely accepted that several
conditions constrain the occurrence of reactivation-induced
instability and the subsequent development of memory
reconsolidation. For instance, memory age and the length of
the reactivation trial, as well as the interaction between both
factors, have a major role in determining the degree of
destabilization after the reactivation of a consolidated
memory trace (Alberini et al, 2006; Bustos et al, 2009;
Suzuki et al, 2004). Collectively, the present data provide
evidence that experiencing a pre-reactivation stress episode,
completely unrelated to the cognitive task, makes the
memory immune to MDZ’s interference. Likewise, the
interaction of earlier stress with the passing of time results
in a memory trace that is even more immune to disruption
by MDZ post-reactivation.

There is evidence that earlier experience with aversive
events facilitate the formation of new fear memories in
classic fear learning paradigms (Cordero et al, 2003;
Rodriguez Manzanares et al, 2005; Shors, 2001). Our
findings showed comparable amounts of freezing between
control and stressed animals during the reactivation session
(3 or 5min), regardless of memory age. We have reported
that the facilitating effect of stress on conditioned freezing
was observed on the second 5 min period of a 10 min testing
session using a similar fear conditioning paradigm and
stressor to those used in this study. This indicates that the
enhanced fear is likely to be caused by the attenuation of an
extinction process rather than an increased fear acquisition
(Rodriguez Manzanares et al, 2005; Yamamoto et al, 2008).
In fact, resistance to extinction could reflect the strength of
the learning process (Myers and Davis, 2002); therefore, it
seems possible that the absence of difference in freezing
behavior between control and stressed rats during reactiva-
tion be the result of the shorter retrieval session used in this
study. Alternatively, we cannot definitively exclude that
earlier stress facilitates fear behavior during re-exposure, as
such an effect may be masked by a ceiling influence. What is
more, under the present experimental protocol, baseline
levels of fear averaged 70-80% during reactivation in
unstressed rats. Other authors have shown that the
exposure to a single-prolonged stress (SPS) protocol
resulted in a facilitated contextual fear memory 1 week,
but not 1 day after such stressful stimuli (Takahashi et al,
2007; Kohda et al, 2007). Zhang and Cranney (2008)
described, using a modified SPS, that MDZ interfered fear
memory reconsolidation even in stressed rats. Apparently,
this finding is contradictory to the lack of effect on memory
reconsolidation of stressed rats after MDZ administration
observed in the current research. It is noteworthy that stress
experience strengthened fear memory and this influence is
revealed by two main effects: (a) enhanced fear retention or
fear expression as previously demonstrated using the SPS
(Takahashi et al, 2007; Kohda et al, 2007) and/or (b) the
impairment of fear extinction or the resistance to extinguish

Stress and fear memory reconsolidation
SG Bustos et al

(Rodriguez Manzanares et al, 2005; Akirav and Maroun,
2007; Yamamoto et al, 2008). In contrast, Zhang and
Cranney (2008) found no increase of fear expression and no
alteration of extinction rate in the rats subjected to modified
SPS, despite increased anxiety as evidenced in an elevated
plus-maze test. Thus, it is likely that this modified SPS
protocol does not result in a strengthened fear memory.

Amygdaloid NMDA sites’ blockade before reactivation
causes trace memories to become immune to the typical
interference induced by a protein synthesis inhibitor (Ben
Mamou et al, 2006); therefore, it should be expected that
activation of NMDA sites before reactivation promote the
destabilization phase after retrieval. Hence, the logical
prediction of this assumption is that the activation of
glutamatergic receptors, for instance by DCS administra-
tion, would facilitate the vulnerability to MDZ’s disruptive
action after retrieval in resistant memories such as those
formed in stressed animals. It is well documented that DCS,
acting at the strychnine-insensitive glycine-recognition site
of the NMDA receptor complex, enhances NMDA receptor-
mediated glutamatergic transmission (Rouaud and Billard,
2003).

This study, using DCS before reactivation, tested this
prediction. Importantly, our experiments suggest that
activating glutamatergic sites by means of DCS promoted
the occurrence of destabilization after the retrieval of fear
memories of previously stressed rats. In particular, MDZ-
induced memory impairment in stressed animals became
evident in those animals administered with pre-reactivation
DCS but not after SAL pre-reactivation. Furthermore, as a
low fear response was still evident during a subsequent
re-exposure (10 days after test 1), MDZ’s disruptive effect in
DCS pre-treated animals was long lasting. Although stressed
animas displayed high freezing in the non-associated
context in a 7-day memory, MDZ’s disruptive effect after
DCS was not observed in the absence of re-exposure to the
associated context, thus indicating that such interference is
selectively dependent on memory reactivation. In contrast,
DCS pre-reactivation did not influence MDZ-induced
interference in control rats, supporting the view that such
destabilization is promoted specifically in resistant mem-
ories to MDZ’s disruptive effect on fear memory reconso-
lidation, but not on those that are susceptible to MDZ-
induced impairment. The possibility that such DCS-induced
destabilization can be produced in other experimental
conditions should be address in future studies.

A growing body of data supports the view that DCS
facilitates the formation of extinction memory (Ledgerwood
et al, 2003; Walker et al, 2002; Yamamoto et al, 2008);
moreover, DCS facilitates learning and memory using a
variety of learning paradigms in diverse animal species
(Land and Riccio, 1999; Matsuoka and Aigner, 1996;
Monahan et al, 1989; Pitkdnen et al, 1995; Pussinen et al,
1997; Quartermain et al, 1994; Thompson et al, 1992). Our
findings showed that DCS administration did not affect
freezing during reactivation under the present treatment
protocol as comparable levels of fear were observed between
DCS- and SAL-treated animals, regardless whether animals
were subjected to a threatening event before learning.
Coincidently, Lee et al (2006) reported that DCS, either
administered systematically or locally into the amygdala
basolateral complex before reactivation, did not modify
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freezing exhibited during reactivation using a brief re-
exposure session. Moreover, DCS did not influence the
expression of fear-potentiated startle when injected before
testing (Walker et al, 2002). Collectively, these experimental
findings support the argument that DCS injected before
reactivation influences neither the retrieval process nor the
expression of freezing behavior or fear responses in fear-
motivated memory paradigms.

Concerning the reconsolidation process, a recent report
has described that DCS before a brief reactivation session,
enhances fear memory during subsequent tests performed
1 or 7 days later. On the basis of these findings, Lee et al
(2006) suggest that DCS potentiates memory reconsolida-
tion. The present data show that pre-reactivation DCS has
no effect on conditioned freezing response during both test
sessions. The conditioning protocol used in this study
resulted in 80% of freezing levels; therefore, it seems likely
that this high level of freezing could obscure a potential
increase of fear behavior during testing in DCS-treated
animals. In support of this argument, Lee et al (2006)
revealed that DCS-induced potentiation was only evident
using a weak training protocol.

The current data suggest that the underlying mechanism
to induce retrieval-induced lability seems to be absent in
memories formed under stress. Such a mechanism can be
potentially restored by pre-reactivation DCS administration.
Recently, Wang et al (2009) have proposed that NR2B
NMDA receptor subunit was downregulated when strong or
resistant memories were induced by an intense footshock
training schedule; in which case, fear memory was not made
labile as indicated by insensitivity to the disruptive effect of
anisomycin after retrieval. It could then be possible to
speculate that a highly stressful condition before learning,
as that elicited in this study, is likely to result in a similar
mechanism preventing retrieval-induced instability.

At this point, the question is by which potential
mechanism could DCS be acting to facilitate destabilization
after retrieval, and consequently transform a consolidated
resistant memory into a labile one during recall.

It has been recently reported that protein degradation by
ubiquitin/proteosome underlies destabilization after fear
memory reactivation (Lee et al, 2008). Consistently, local
infusion of a proteasome inhibitor before reactivation
prevents the amnesic effect of anisomycin on memory
reconsolidation (Lee et al, 2008) and the updating of new
information in a consolidated fear memory (Lee, 2008).
What is more, inhibitors of proteasome activity block the
enhancing effects of DCS on NMDA receptor-mediated
synaptic responses and on DCS-induced fear extinction
(Mao et al, 2008) suggesting that DCS effects are partly
associated with the activity of the ubiquitin/proteasome
system. Therefore, given that this system underlies retrie-
val-induced lability as previously proposed, the promoting
influence of pre-reactivation DCS on memory destabiliza-
tion in resistant memories might be caused by the activation
of this protein degradation mechanism. Further studies are
necessary to address such proposal.

Finally, the development and expression of a wide
number of neuropsychiatric disorders are closely linked to
the emergence of maladaptive memories following trau-
matic experiences. The psychological process and the
neurobiological mechanisms that underlie such association
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call for further studies. For this reason, experimental
research on stress and fear memory is highly relevant to
understand these mechanisms. The current results indicate
that earlier experience with a traumatic event together with
the passing of time significantly affect the degree of
destabilization following the retrieval of a contextual fear
memory, making such trace immune to memory reconso-
lidation disruption. Finally, DCS pre-reactivation adminis-
tration promotes retrieval-induced lability in a resistant
memory trace of previously stressed animals without
influencing the destabilization phase after reactivation in
control unstressed rats. In conclusion, if MDZ could be
potentially used as a pharmacological intervention to
interfere with traumatic memories, this study highlights
the importance of the combined treatment with DCS to
favour the effectiveness of MDZ for attenuating the
emotional incidence of undesired resistant memory.
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