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Benzodiazepine (BDZ) administered shortly after retrieval disrupts the reconsolidation of fear memory. In this research, we explored

the way in which different factors that limit the emergence of such process may affect BDZ’s disruptive effect on fear memory

reconsolidation. Animals were conditioned in a contextual fear paradigm; the consolidated memory was reactivated by exposure to the

associated context for different periods of time that were followed by midazolam (MDZ) administration. We also studied MDZ amnesic

effect after reactivating fear memories of several ages. We finally analyzed the effectiveness of different MDZ doses in preventing the

reconsolidation of different age fear memories. The memory trace was disrupted following MDZ when the reactivation session lasted

3–5 min but it was not after a briefer 1-min reactivation period. Over a 10-min reactivation session, all animals gradually reduced their

fear response, which indicates the emergence of the extinction process. When tested, MDZ rats exhibited a robust fear, suggesting that

MDZ impaired the consolidation of extinction. In a 3-min reactivation session, MDZ (1–1.5 mg/kg) prevented the reconsolidation of

recently acquired memories. A 21-day-old fear memory was only vulnerable to MDZ at a 1.5 mg/kg dose with a reactivation session of 5

and not 3 min, whereas a 36-day-old memory was only disrupted with a higher MDZ dose (3 mg/kg) regardless of the reactivation trial’s

duration. This study demonstrated MDZ’s interference on fear-memory reconsolidation within a relatively short reactivation period in

recently acquired memories. Over longer reexposure, MDZ disrupts the consolidation of extinction. A longer duration of the reexposure

session, as well as higher MDZ doses, is required to prevent the reconsolidation process of remote fear memories.

Neuropsychopharmacology (2009) 34, 446–457; doi:10.1038/npp.2008.75; published online 28 May 2008

Keywords: contextual fear memory; reconsolidation; midazolam; memory age; reactivation

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Accumulated experimental data support the argument that
after retrieval, consolidated memory may become tempora-
rily vulnerable to disruption for a limited period of time
(Przybyslawski and Sara, 1997; Przybyslawski et al, 1999;
Nader, 2003; Debiec and Ledoux, 2004; Duvarci and Nader,
2004). Such vulnerability is followed by a stabilization
processFusually referred to as reconsolidationFthat
requires de novo protein synthesis. Memory reconsolidation
has been demonstrated across a variety of species (Anokhin
et al, 2002; Suzuki et al, 2004; Sangha et al, 2003; Pedreira

and Maldonado, 2003), including humans (Walker et al,
2003; Forcato et al, 2007), and under different learning and
memory paradigms motivated by either aversive or
rewarding stimuli (Dudai and Eisenberg, 2004; Lee et al,
2005). All this evidence strongly supports the notion that
reconsolidation represents an evolutionarily conserved
mnemonic process and accounts for the universality of this
phenomenon. According to the reconsolidation hypothesis,
the reactivation of a previously consolidated memory trace
may be achieved by an appropriate reminder cue of the
original association. This procedure can render this
susceptible-to-disruption trace by selective pharmacological
interventions including benzodiazepine (BDZ) administra-
tion, when administered shortly after reactivation (Bustos
et al, 2006).

It is well known that GABAergic neurotransmission
influences the emergence of memory processes (Izquierdo
and Medina, 1991; McGaugh, 2000). Previous findings
showed that allosteric modulators of g-amino butyric
acid-A (GABA-A) receptors such as BDZ agents (positive
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modulators) or inverse agonist (negative modulators) of
BDZ sites are effective in affecting these processes. BDZ
compounds induce anxiolysis, sedation, and muscle relaxa-
tion (Thiebot, 1985; Venault et al, 1986; McNamara and
Skelton, 1991; McNamara et al, 1993) and, under certain
conditions, produce amnesia. Data derived from humans
(Beracochea, 2006) and from laboratory animals have all
shown that BDZ agents can impair memory. Moreover,
prior administration of an antagonist of BDZ sites reversed
BDZ-induced amnesia (Savic et al, 2005) whereas the
administration of the inverse agonist resulted in a
promnesic effect, indicating that BDZ sites are implicated
in the formation of memory. BDZ’s disruptive effect has
been observed following administration either pre- or post-
training in diverse learning and memory paradigms
(Gafford et al, 2005). Such an effect was also reported after
both BDZ intraamygdala (Dickinson-Anson and McGaugh,
1993) and BDZ intradorsal hippocampus (Gafford et al,
2005) infusions. Consistent with such findings, Bustos et al
(2006) have recently demonstrated that midazolam (MDZ),
a short-acting BDZ, affects fear memory reconsolidation.

Although there is consensus regarding the emergence of
reconsolidation, the reactivation-induced memory lability
associated with the reminder depends on a number of
parameters. Both knowledge and identification of the latter
are indispensable requirements for an understanding of this
memory phase. The present paper was conducted to
examine two parametrical conditions of the reconsolidation
process and their interplay in determining the degree of the
reactivation-induced lability after the reminder’s presenta-
tion. The parameters under study were memory age and the
reactivation duration (presentation of the conditioned
stimulus, CS, without the unconditioned stimulus, US).
The former critically influences the labile phase after
reactivation. What is more, older memories are less
susceptible to interference than newer or recently acquired
ones (Milekic and Alberini, 2002; Suzuki et al, 2004;
Frankland et al, 2006). The latter, the duration of the
reactivation session, is another crucial factor in the
reconsolidation process as reactivation of a consolidated
memory for a short time span is likely to result in
reconsolidation. Besides, longer duration can lead to
extinction, whereas, an even shorter reactivation time can
result in an incomplete reconsolidation (Tronson and
Taylor, 2007). Consequently, the resulting behavior of the
subsequent CS presentation (test) is critically influenced by
the duration of the reactivation session (Eisenberg et al,
2003; Pedreira and Maldonado, 2003; Suzuki et al, 2004).

Therefore, in the present study, animals were trained in a
conditioned contextual fear paradigm. Consolidated mem-
ory was reactivated for different periods of time by
presenting the CS (context cue) without the US (foot shock)
followed by immediate MDZ administration. Freezing was
scored 1 day later, during the first test, and 10 days later,
during the second test. In addition, MDZ efficiency as an
interfering agent after reactivating fear memories of several
ages was also studied. Animals were trained and reexposed
to the context at different times after training. Immediately
after reexposure, rats were administered with MDZ and
tested 1 and 10 days later. Finally, we compared the efficacy
of different MDZ doses in interfering fear memory
reconsolidation among fear memories of different ages.

To address this question, animals were trained and
reactivated after different periods of time and administered
with diverse doses of MDZ following reactivation at each
age. All animals were tested for their fear in response to the
associated context both 1 and 10 days later.

MATERIALS AND METHODS

Animals

Adult male Wistar rats (60-day old, weighing between 280 and
320 g) from our colony of the Department of Pharmacology of
the Facultad de Ciencias Quı́micas, Universidad Nacional de
Córdoba were used. All animals were housed in standards
laboratory Plexiglas cages in groups of three per cage. Food
and water were available ad libitum. Animals were main-
tained on a 12-h light/dark cycle (lights on at 0700–1900
hours) and at a room temperature of 21–231C. The protocols
used were approved by the Animal Care Committee of the
Facultad de Ciencias Quı́micas, Universidad Nacional de
Córdoba 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 SA, Buenos Aires, Argentina) was
diluted in sterile isotonic saline (SAL, 0.9% w/v) to a
concentration of 1, 1.5, and 3 mg/ml, MDZ was adminis-
tered intraperitoneally (i.p.). The total volume of drug or an
equivalent amount of SAL was 1.0 ml/kg in all cases.

Apparatus

The conditioning environment was designated as context A
(A). This environment was made of gray plastic
(20� 23� 20 cm) with clear lid and the floor consisted of
10 parallel stainless steel grid bars, each measuring 4 mm in
diameter and spaced 1.5 cm apart (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 foot shock.
Background noise was supplied by ventilation fans and
shock scramblers. The illumination was provided by a 2.5 W
white light bulb.

A second distinctive environment designated as context B
(B) was made as different as possible from the context used
for training, and was 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� 25� 33 cm. The chamber was brightly illuminated by
three lights.

Both environments (A and B) were cleaned with water
before and after utilization. Experiments were always
performed between 1100 and 1400 hours with the experi-
menters unaware of the treatment condition.

Behavioral Procedure

Each experiment consisted of three phases: conditioning,
reexposure (reactivation session), and testing sessions. An
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acoustically isolated room was used to run the training and
the other phases (reexposure and tests) of the experiment.

Contextual fear conditioning. The conditioning procedure
used was similar to the one previously described (Isoardi
et al, 2004; Bustos et al, 2006). Rats were habituated to
handling and injected with SAL for at least 2 days prior to
the start of each experiment. At the beginning of each
experimental day, animals were transported from the
colony room to the experimental room, where they
remained in their cages. During conditioning, reexposure
(reactivation session), and testing sessions, a different
acoustically isolated room was used. Training consisted in
placing each rat in the chamber (A) and allowing a 3 min
acclimation period (pre-shock period). After this period,
rats received three foot shocks (0.25 mA, 3 s duration at
inter-shock interval 30 s; unconditioned stimuli). Animals
remained in the chamber for an additional 2 min period
(post-shock period) and were subsequently placed in their
home cages and returned to the colony room.

Reexposure session (reactivation). After training, subjects
were reexposed to the training context (A) without shocks
for different periods of time (1, 3, 5, 7, or 10 min) depending
on the experiment performed.

Test sessions. Test 1 was always assessed 24 h after the
reexposure to A by re-placing the rats in the training
environment for 5 min. Test 2 was conducted 10 days after
test 1. The behavior of each rat was continuously video-
taped to score freezing during the 3 min pre-shock period,
during the 2 min post-shock period, during the reexposure
period, and during testing. Freezing behavior was scored at
the end of the experiment by a person who was blind with
regard to the experimental condition of each animal. The
total time spent freezing in each period was quantified (in
seconds) using a stopwatch and expressed as the percentage
of total time. 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.

The first series of experiments were designed to evaluate
the effect of MDZ administration on the reconsolidation of a
contextual fear memory after different periods of reexpo-
sure to the training context (A). The experiment was
performed in three consecutive daily phases (day 1,
training; day 2, reexposure; and day 3, test 1) and a final
test (test 2) on day 13. Animals were randomly assigned to
two experimental groups (SAL or MDZ) for each reexposure
time. Rats were trained as previously described and
reexposed to A 1 day later either for 1, 3, 5, or 10 min
(reactivation procedure). Immediately after reactivation,
animals were administered either MDZ (1.5 mg/kg, i.p.) or
SAL. After 1 day, rats were relocated in A and their freezing
scored for a 5-min period (test 1). Rats were then returned
to their home cages without any further manipulation. In
addition, to analyze whether the effect of MDZ was transient
or persistent, freezing was subsequently tested (test 2) for
5 min in A 10 days after test 1. The data obtained were
statistically analyzed by separate one-way ANOVA with
repeated measures comparing drug treatment (SAL vs

MDZ) across trials (reexposure, test 1, and test 2) at each
time of reexposure (1, 3, 5, or 10 min). This analysis was
repeated for each time of reexposure (1, 3, 5, or 10 min).

The second series of experiments were designed to
evaluate the influence of memory age on MDZ’s effect on
the reconsolidation of a contextual fear memory. Animals
were randomly assigned to two experimental groups (SAL
or MDZ) and trained as previously described. Memory was
reactivated either 1, 7, 21, or 36 days later and rats were
administered either MDZ (1.5 mg/kg, i.p.) or SAL immedi-
ately after reactivation. After 1 day, rats were relocated in
the training environment and their freezing video-recorded
for a 5-min period (test 1). Rats were then returned to their
home cages without any further manipulation. In addition,
freezing from all animals was subsequently scored (test 2)
for 5 min in A 10 days after test 1. The data obtained were
statistically analyzed by separate one-way ANOVA with
repeated measures comparing drug treatment (SAL vs
MDZ) across trials (reexposure, test 1 and test 2). This
analysis was repeated for each memory age (1, 7, 21, or
36 days).

The third series of experiments were designed to evaluate
the interaction between memory age and the different doses
of MDZ used on the reconsolidation of fear contextual
memory. To investigate a potential difference in the
sensitivity of MDZ to disrupt reconsolidation of different
age memories, animals were trained as previously described
and randomly assigned to three groups. One group of rats
was reexposed to A 7 days after training and injected with
SAL or MDZ 1 or 1.5 mg/kg, i.p. immediately after
reexposure. Another group was reexposed to A 21 days
after conditioning and injected with SAL or MDZ 1 or
1.5 mg/kg i.p. after reactivation. At 36 days after condition-
ing, the last group of rats was reexposed to A and
subsequently injected with SAL or MDZ 1.5 or 3 mg/kg,
i.p. At 24 h after the reexposure session, all rats were
reexposed to A and their freezing scores recorded (test 1).
The data obtained were statistically evaluated by separated
one-way ANOVA comparing SAL with different doses of
MDZ at each memory age (7, 21, or 36 days).

To test whether the potential impairment induced by
MDZ is context specific, an additional group of animals was
trained. After 7, 21, or 36 days, rats were placed in a novel
context (B, no-reactivation procedure) for different periods
of time (3 or 5 min). After B exposure, animals were injected
with SAL or MDZ (1.5 or 3 mg/kg). The test was conducted
24 h after the no-reactivation session by re-placing the rats
in A for 5 min. Fear memory was evaluated as previously
described.

The data obtained from SAL- and MDZ-treated rats
(no–reactivation (B) and test) were statistically analyzed by
separate one-way ANOVA with repeated measures at each
memory age (7, 21, or 36 days).

Statistical Analysis

Results were expressed as mean±SEM. Significant ANO-
VAs were followed by post hoc Newman–Keuls analysis to
enable specific group comparison (po0.05 was regarded as
significant).
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RESULTS

MDZ Disrupts Contextual Fear Memory
Reconsolidation when Administered within 3–5min of
A Reexposure (Reactivation Session) but it is Ineffective
after a 1-min Reexposure

Midazolam (1.5 mg/kg) administered immediately after
reexposure to A for 1 min had no effect on memory
retention at test 1 (Figure 1b). Rats treated with SAL or
MDZ displayed similar levels of freezing at both tests (tests
1 and 2) thus revealing that reconsolidation is not affected
by MDZ under this condition. An ANOVA showed no
interaction between drug treatment and trials tests
(F(2, 24)¼ 0.69, p¼ 0.51). Reconsolidation after longer
reexposure periods (3 or 5 min) is disrupted by MDZ
administration (Figure 1c and d). In the 3-min exposure
group, an ANOVA showed a significant effect of drug
treatment (F(1, 12)¼ 15.98, po0.01), a significant effect
of trials tests (F(2, 24)¼ 74.08, po0.01), and a significant
drug treatment� trials tests interaction (F(2, 24)¼ 25.53,
po0.01). The post hoc analysis revealed that MDZ-
administered rats exhibited significantly less freezing than
SAL-administered rats during both test 1 (po0.01) and
test 2 (p¼ 0.04).

Moreover, SAL- and MDZ-treated rats exhibited signifi-
cantly less freezing on test 2 than on test 1, indicating a
progressive diminution of conditioned freezing, which in
turn may suggest extinction learning (po0.01, p¼ 0.04,
respectively).

In the 5-min reexposure groups, an ANOVA revealed
the effect of drug treatment (F(1, 18)¼ 38.43, po0.01), a
significant effect of trials tests (F(2, 36)¼ 35.67, po0.01),
and a significant drug treatment� trials tests interaction
(F(2, 36)¼ 10.07, po0.01). The post hoc analysis revealed
that MDZ-treated rats showed significantly less freezing
than SAL-treated animals during both test 1 (po0.01) and
test 2 (po0.01). In addition, SAL-treated rats displayed
significantly less freezing on test 2 than on test 1, probably
indicating the emergence of extinction (po0.01).

MDZ Administered after a Prolonged (10min)
Reactivation Session Impaired the Consolidation of
Extinction of Fear Memory

The effect of MDZ administration after a prolonged
reactivation session on subsequent fear memory is shown
in Figures 2b and c. As expected, no difference was found
between SAL and MDZ groups in their freezing response

Figure 1 Effect of midazolam (MDZ) 1.5 mg/kg administration after reexposure to A for different periods of time. (a) Experimental design used with data
presented below. (b) MDZ 1.5 mg/kg administration after a brief reexposure (1 min) has no effect on the reconsolidation process. (c) MDZ 1.5 mg/kg
injected after 3 min or (d) after a 5 min reexposure produced a significant reduction of freezing behavior on tests 1 and 2. Data are the mean±SEM
percentage of time spent freezing during reexposure to A (1, 3, or 5 min), and during tests 1 and 2 (n¼ 7/10 per group). *Significantly different than saline
(SAL) group during test 1 (po0.01); **significantly different than SAL group during test 2 (po0.04); and ***significantly different than MDZ group during
test 1 (p¼ 0.04).
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during reexposure. Interestingly, over the course of the
10 min reexposure session both groups (SAL and MDZ)
showed a gradual reduction in their freezing levels, with
virtually no freezing at the end of the reexposure session
(Figure 2b). What is more, there was significantly less
freezing on the last 5 min than on the first 5 min during
reexposure (Figure 2c) thus suggesting that the longer
reexposure may result in the acquisition of extinction.
Moreover, when memory was assessed 1 day later, SAL-
treated animals froze significantly less than MDZ-treated
rats (Figure 2c, test 1). An ANOVA showed a significant
effect of trials tests (F(3, 39)¼ 34.89, po0.01) and a
significant drug treatment� trials tests interaction
(F(3, 39)¼ 8.09, po0.01). A post hoc analysis revealed that
both groups (SAL and MDZ) performed significantly less
freezing on the last 5 min of reexposure than on the first
5 min (po0.01; Figure 2c). In addition, MDZ-treated
animals performed significantly more freezing than SAL-
treated ones during test 1 (po0.01; Figure 2c). MDZ-treated
rats showed higher fear levels in test 1 than the one
exhibited during the last 5 min of reexposure (5–10 min;
po0.01). In addition, MDZ-treated animals exhibited
relatively high levels of freezing during test 1, behavior
comparable to the freezing displayed during the initial
5 min reexposure session. In contrast, during test 1, SAL

animals froze significantly less than during the first 5 min of
reexposure (po0.01) thus supporting the view that
prolonged reexposure leads to the formation of an
extinction memory; whereas MDZ interfered with the
retention of extinction. The post hoc analysis also revealed
that the extinguished fear response in SAL-treated rats
returned in a subsequent reexposure. In fact, these animals
exhibited significantly more freezing on test 2 than on test 1
suggesting the occurrence of spontaneous recovery
(po0.01). In summary, all these findings suggest that a
prolonged reexposure to the associated context results in
the formation of an extinction memory in control rats;
whereas MDZ blocks the retention of fear extinction
when administered after prolonged reexposure to the
conditioning context.

To evaluate whether the impairment induced by MDZ on
the consolidation of fear extinction is context specific, an
additional group of animals was trained and placed in a
novel context for a period of 10 min (B, no-extinction
training procedure) the following day. At the end of
exposure, animals were subdivided into two groups, and
injected with SAL or MDZ 1.5 mg/kg. The following day, the
test was conducted by re-placing the rats in A for 5 min and
evaluating their fear memory. Similar levels of freezing were
observed between SAL- and MDZ-treated rats during the

Figure 2 Effect of midazolam (MDZ) 1.5 mg/kg administration after a 10 min reexposure session to A or after a 10 min exposure to B. (a) Experimental
design used with data presented below. (b) Freezing behavior displayed by both groups during each minute along the 10 min reexposure session. (c) MDZ
1.5 mg/kg administration after the 10 min reexposure to A preserved freezing evaluated on test 1, indicating that MDZ impaired the consolidation of fear
extinction. (d) Similar levels of freezing between saline (SAL)- and MDZ-treated rats (1.5 mg/kg) after the 10 min exposure to B were observed during the
test. Data are the mean±SEM percentage of time spent freezing during the reexposure session (10 min), during exposure to B, during tests 1 and 2 (n¼ 7/8
per group). *Significantly different than SAL group during test 1 (po0.01); **significantly different than MDZ group during reexposure 5–10 min (po0.01);
***significantly different than SAL and MDZ group during reexposure 0–5 min (po0.01). + Significantly different than SAL group during reexposure 0–5 min
(po0.01).
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first 5 min of exposure to B, on the last 5 min of exposure,
and during the test (Figure 2d). An ANOVA showed no drug
treatment� trial tests interaction (F(2, 26)¼ 0.24, p¼ 0.79).
Therefore, the effect of MDZ on the retention of extinction
depends on the prolonged reexposure to the associated
context and cannot be attributed to nonspecific effects of
MDZ on the behavior exhibited during the test.

MDZ Blocks the Reconsolidation of Recent
(1 and 7 Days) but not Remote (21 and 36 Days)
Contextual Fear Memories when Administered
After a 3-min Reactivation Period

Animals were trained for fear conditioning as previously
described. After 1, 7, 21, or 36 days, they were placed back

into the training context for 3 min (A reexposure).
Immediately after reexposure, rats were administered with
SAL or MDZ 1.5 mg/kg. Memory was assessed twice: 1 day
after reexposure (test 1) and 10 days after test 1 (test 2).
MDZ treatment disrupted the reconsolidation of recent
(1 and 7 days; Figures 3b and c) but not of remote
memories (21 and 36 days; Figures 3d and e). An ANOVA
showed a significant drug treatment� trials tests interac-
tion on 1- (F(2, 24)¼ 25.53, po0.01) and 7-day memory
(F(2, 34)¼ 15.24, po0.01). The post hoc analysis revealed
that rats injected with MDZ showed significantly less
freezing than SAL-treated ones during test 1 (1 day
po0.01; 7 days po0.01) and test 2 (1 day p¼ 0.04; 7 days
po0.01). In addition, SAL- and MDZ-treated animals
displayed significantly less freezing on test 2 than on test 1

Figure 3 Effect of midazolam (MDZ) 1.5 mg/kg administration at different time intervals between training and reexposure session to A. (a) Experimental
design used with data presented below. MDZ 1.5 mg/kg administration immediately after a 3 min reexposure session disrupted fear memory reconsolidation
of a (b) 1 or (c) 7-day memory. Administration of MDZ 1.5 mg/kg following a 3 min reexposure did not disrupt reconsolidation of fear memory in 21-day (d)
or in 36-day memories (e). Data are the mean±SEM percentage of time rats spent freezing during reexposure to A (3 min) and during tests 1 and 2
(n¼ 7/11 per group). *Significantly different than saline (SAL) group during test 1 (po0.01); **significantly different than SAL group during test 2 (pp0.04);
***significantly different than MDZ group during test 1 (pp0.04).
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probably reflecting extinction memory after repeated drug-
free reexposure to the associated context (1 day, po0.05; 7
days, po0.05). In contrast, an ANOVA on the
21-day memory revealed a significant effect of trials tests
(F(2, 32)¼ 29.02, po0.01) and no interaction between
treatment� trials tests (F(2, 34)¼ 3.26, p¼ 0.05). These
findings show absence of effect of MDZ 1.5 mg/kg on the
memory reconsolidation under this condition. As it can be
seen in Figure 3d (21-day memory), SAL- and MDZ-treated
animals displayed significantly less freezing on test 2 than
on test 1, which indicates the emergence of fear-memory
extinction (pp0.02). On a 36-day memory (Figure 3e), an
ANOVA revealed no interaction between treatment� trials
tests (F(2, 28)¼ 7.73, po0.01) thus further indicating the
absence of the MDZ 1.5 mg/kg effect on the reconsolidation
process. In summary, these findings show that MDZ 1.5 mg/kg
administered after a 3 min reactivation period affects fear
memory reconsolidation in recently acquired memories but
not in remote ones.

MDZ Interferes with the Reconsolidation of a 21-Day
Fear Memory in 5-min Reexposure Sessions but not
with this Process in a 36-Day Memory

The duration of the reactivation session is an important
variable in reconsolidation experiments. Animals were

trained as previously described and reexposed to the
conditioning context for 5 min 21 or 36 days later.
Immediately after reexposure, rats were injected either SAL
or MDZ 1.5 mg/kg and subsequently tested in the associated
context (tests 1 and 2). As depicted in Figures 4b–d, all
groups showed similar levels of freezing during the
reexposure session. Fear memory was only disrupted by
MDZ in the 21-day memory group (Figure 4b). An ANOVA
showed a significant treatment effect (F(1, 14)¼ 13.72,
po0.01), trials tests effect (F(2, 28)¼ 25.51, po0.01), and
drug treatment� trials tests interaction (F(2, 28)¼ 8.76,
po0.01). A post hoc analysis revealed that rats injected with
MDZ showed significantly less freezing than SAL-injected
ones during both test 1 (po0.01) and test 2 (p¼ 0.04).
Moreover, SAL-treated rats exhibited significantly less
freezing on test 2 than on test 1 suggesting the emergence
of extinction (p¼ 0.02). In contrast, MDZ 1.5 mg/kg did not
affect reconsolidation of a 36-day memory under a 5-min
reexposure period (Figure 4c). An ANOVA revealed no effect
of trials tests (F(2, 32)¼ 2.09, p¼ 0.14). Moreover, no drug
treatment� trials tests interaction was found (F(2, 32)¼ 1.81,
p¼ 0.18). Furthermore, MDZ did not affect the reconsolida-
tion of a 36-day memory even after a longer reexposure
period (7 min). In fact, SAL- and MDZ-treated animals
exhibited similar levels of freezing at both test 1 and test 2
(Figure 4d). An ANOVA showed a significant effect of trials

Figure 4 Effect of midazolam (MDZ) 1.5 mg/kg administration after retrieval of a 21- (5 min reexposure) or 36-day fear memories (5 or 7 min
reexposure). (a) The behavioral procedure used in this experiment. (b) MDZ 1.5 mg/kg disrupted the reconsolidation process when administered after
a 5 min reexposure period in a 21-day-old memory. MDZ 1.5 mg/kg does affect reconsolidation of a 36-day-old memory neither after 5 min (c) nor after
7-min reexposure (d). Data are the mean±SEM percentage of time spent freezing during reexposure to A (5 or 7 min), and during tests 1 and 2. (n¼ 8/9
per group). *Significantly different than saline (SAL) group during test 1 (po0.01); **significantly different than SAL group during test 2 (p¼ 0.04).
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tests (F(2, 32)¼ 16.85, po0.01) and no interaction between
treatment� trails tests (F(2, 32)¼ 0.39, p¼ 0.68). A post hoc
analysis revealed that rats injected with SAL showed
significantly less freezing on test 2 than on test 1 suggesting
the emergence of extinction (po0.01). Therefore at the dose
used in the current experiment, MDZ does not affect
reconsolidation of a 36-day fear memory regardless of the
duration of the reexposure period.

Effect of MDZ on Reconsolidation of a Fear Contextual
Memory Depends on Memory Age and MDZ Dose
Interaction

In this experiment, we examined the effect of different doses
of MDZ (1, 1.5, and 3 mg/kg) on the reconsolidation process
of different age memories (7, 21, and 36 days). The first
group of rats was trained as usual and 7 days later their
memory was reactivated (3 min reexposure). Next, animals
were injected with either SAL or MDZ 1.0 or 1.5 mg/kg and 1
day later, they were tested as usual. As expected, a
significant reduction of freezing was found in MDZ-treated
rats at both doses, supporting the view that MDZ prevents
the reconsolidation of a 7-day fear memory (Figure 5b). An
ANOVA showed a significant treatment effect (F(2, 28)¼
10.54, po0.01). A post hoc analysis revealed that rats
injected with MDZ at either dose exhibited significantly less
freezing than SAL-treated ones during the test (MDZ: 1 mg/kg,
p¼ 0.01; MDZ: 1.5 mg/kg, po0.01). A second group of rats
was trained as above and reexposed to the associated
context 21 days after conditioning. Immediately after a 5-
min reexposure, animals were administered with either SAL
or MDZ 1.0 or 1.5 mg/kg. Reconsolidation of fear memory
was only disrupted in animals administered with the higher
dose of MDZ (F(2, 22)¼ 18.88, po0.01; Figure 5c). A post
hoc analysis revealed that only animals injected with MDZ
1.5 mg/kg showed significantly less freezing than SAL-
treated ones during the test (po0.01). When memory was
reactivated (5 min reexposure), 36 days after fear condition-
ing, MDZ had an amnesic effect at the only dose of 3 mg/kg.
(F(2, 22)¼ 10.52, po0.01). A post hoc analysis revealed that
only the MDZ-injected (3 mg/kg) group showed signifi-
cantly less freezing than SAL-treated animals during the
test (po0.01; Figure 5d). Altogether, these findings
demonstrate that the passage of time between conditioning
and reexposure determines the effectiveness of the MDZ
disruptive effect on fear memory reconsolidation.

An additional experiment was performed to discard the
possibility that the greater resistant to reconsolidation
blockade observed in older memories was due to the age of
the animals (96 days) at the moment of the reactivation
session (36 days after conditioning). A group of 96-day-old
rats were trained as previously described and reexposed to
A 1 day later for 3 min. Immediately after reactivation,
animals were injected with either SAL or MDZ 1.5 mg/kg.
The following day, the test was conducted as usual by
re-placing the rats in the training environment (A) for 5 min
and evaluating their fear memory. Freezing was subse-
quently tested 10 days after test 1. Similar levels of freezing
were observed between SAL- and MDZ-treated rats
during the reactivation session (SAL 79±9.12%; MDZ
72.18±9.12%) and a significant reduction of freezing
was found in MDZ-treated rats during test 1 and test 2

Figure 5 Effect of different doses of midazolam (MDZ) administration
after the reactivation of different age memories. (a) The behavioral
procedures used in the experiment. (b) MDZ 1 and 1.5 mg/kg disrupted
the reconsolidation of a 7-day fear memory after a 3 min reexposure,
(c) MDZ 1.5 but not 1 mg/kg disrupted the reconsolidation of a 21-day fear
memory after a 5 min reexposure. (d) MDZ 3 but not 1.5 mg/kg disrupted
fear memory reconsolidation after a 5 min reexposure in a 36-day memory.
Data are the mean±SEM percentage of time spent freezing during the test,
reexposure to A (3 or 5 min; n¼ 8/11 per group). *Significantly different
than saline (SAL) group (po0.01).
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(test 1, SAL 90.71±8%; MDZ 29.83±8%; test 2, SAL
77.54±8%; MDZ 21±8%), supporting the view that MDZ
prevents the reconsolidation of a recent contextual fear
memory despite the age of the animal. An ANOVA showed a
significant effect of drug treatment (F(1, 14)¼ 16.71,
p¼ 0.01), a significant effect of trial tests (F(2, 28)¼
11.562, po0.01), and a significant drug treatment� trial
tests interaction (F(2, 28)¼ 14.855, po0.01). The post hoc
analysis revealed that MDZ-administered rats exhibited
significantly less freezing than SAL-administered rats
during both test 1 (p¼ 0.03) and test 2 (p¼ 0.03).

MDZ’s Disruptive Effect on Reconsolidation of a Fear
Contextual Memory is Contingent on Memory
Reactivation

To determine whether the disruption on memory reconso-
lidation caused by MDZ was dependent on memory
reactivation, distinct groups of rats were trained as usual
(in A). Next, groups were exposed to a novel context (B) for
different periods of time (3 or 5 min) and at different
intervals between conditioning and B exposure (7, 21, or 36
days). Immediately after B exposure, animals were injected
with either SAL or MDZ at different doses depending on
memory age. The following day, all animals were tested in
A. MDZ 1.5 mg/kg was administered immediately after
exposure to B for 3 min 7 days after the training. As it can
be seen in Figure 6b, the drug had no effect on memory
retention at the test. An ANOVA showed no effect of drug
treatment (F(1, 14)¼ 0.44, p¼ 0.52), a significant effect of
trials tests (F(1, 14)¼ 64.51, po0.01), and no interaction
between drug treatment� trials tests (F(1, 14)¼ 0.63,
p¼ 0.44). The post hoc analysis revealed that SAL- and
MDZ-treated rats exposed to B displayed significantly lower
levels of freezing when compared to SAL- and MDZ-treated
rats during the test (po0.01). MDZ 1.5 mg/kg had no effect
on memory when rats were subjected to a 5 min exposure to
B, 21 days after the training (Figure 6c). An ANOVA showed

no effect of drug treatment (F(1, 17)¼ 0.26, p¼ 0.62), a
significant effect of trials tests (F(1, 17)¼ 19.56, po0.01),
and no interaction between drug treatment� trials tests
(F(1, 17)¼ 0.13, p¼ 0.73). The post hoc analysis revealed
that nonreactivated animals injected with either SAL or
MDZ displayed significantly less levels of freezing during B
exposure than those exhibited by SAL- or MDZ-treated rats
during the test (po0.03).

Finally Figure 6d shows that MDZ 3 mg/kg administered
immediately after a 5 min exposure to the novel environ-
ment (no reactivation) 36 days after conditioning had no
effect on fear memory at the test. An ANOVA showed no
effect of drug treatment (F(1, 16)¼ 3.67, p¼ 0.08), trials
tests (F(1, 16)¼ 1.28, p¼ 0.28), and no interaction between
drug treatment� trials tests (F(1, 16)¼ 0.08, p¼ 0.78).
Similar levels of freezing during the exposure to the novel
context (no reactivation) and during the test were observed
between SAL- and MDZ-injected animals. These findings
indicate that reexposure to the associated environment
(reactivation session) is required for the disruptive effect of
MDZ on memory reconsolidation regardless of memory age.

DISCUSSION

The present findings demonstrate that MDZ administered
after reactivation interferes fear memory reconsolidation,
an effect that is critically dependent on the duration of the
reactivation trial. When MDZ was administered after a very
brief period of reactivation (1 min), SAL- and MDZ-treated
animals exhibited similar levels of freezing, indicating that
the memory trace remained immune to the disruptive effect
of the BDZ compound. The significant fear observed during
reexposure is a sign of reactivation of the learned
association between the context and the aversive stimulus.
Therefore, recall per se does not induce vulnerability to
interference when memory is reactivated for a very brief
period of time. Similarly, Suzuki et al (2004) and Lee et al
(2008) show that anisomycin administration following

Figure 6 Midazolam (MDZ) administration after exposure to a novel environment (B, no-reactivation session) did not affect memory when tested in the
associated context (A). (a) Experimental design used with data presented below. Effect of MDZ 1.5 mg/kg after: (b) a 3- or (c) 5-min exposure to the novel
context. (d) Effect of MDZ 3 mg/kg/i.p. following 5-min exposure to the novel context. Data are the mean±SEM percentage of time spent freezing during
exposure to B (3 or 5 min) and during the test (n¼ 8/10 per group). *Significantly different than saline (SAL) and MDZ B (no-reactivation) groups (pp0.03).
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1 min retrieval session did not affect subsequent freezing.
Furthermore, Lee et al (2008) report the inability of brief
reexposure to induce the protein degradation necessary to
destabilize the preexisting fear memory. Finally, the absence
of MDZ vulnerability after 1 min context exposure confirms
that interference after memory reactivation requires the
fulfillment of several conditions rather than the single
memory retrieval (Pedreira et al, 2004; Forcato et al, 2007).
When the reactivation was prolonged up to 3–5 min, the
memory trace became gradually vulnerable to disruption as
MDZ-treated rats showed less fear than controls. Interest-
ingly and in accordance with prior findings (Bustos et al,
2006), the lack of fear exhibited during test 2 reflects a
persistent amnesia. Both control and MDZ groups displayed
a gradual reduction of their freezing along the reactivation
session when the reexposure to the CS was prolonged for
10 min. In fact, the level of fear during the last minutes of
reactivation was significantly lower than that exhibited
during the initial minutes, presumably indicating that rats
began to extinguish the fear response. The low level of fear
exhibited during test 1 by control animals previously
reexposed to the CS for 10 min further confirmed this
presumption. What is more, during test 2, the extinguished
fear returned suggesting the emergence of spontaneous
recovery. Thus, a single but prolonged reexposure to the
context without reinforcement in our experimental para-
digm resulted in extinction. Consistent with previous
findings (Tronson and Taylor, 2007), the current results
show that brief reexposure leads to reconsolidation whereas
a prolonged reactivation session induces extinction and
confirm the view that the duration of the reactivation session
is a crucial variable that determines subsequent memory
(Debiec et al, 2002; Suzuki et al, 2004; Pedreira and
Maldonado, 2003). In contrast, MDZ rats exhibited a robust
fear during both the first and the second tests after a 10-min
reactivation session. This suggests that MDZ impaired the
consolidation of extinction. In fact, MDZ-treated animals
exhibited a stronger memory for the original learning than
control rats, that is, the opposite result to the expected one of
blocking reconsolidation. Our findings further confirm that
the reduction produced by MDZ administration on fear
memory is not due to the facilitation of the extinction process
but to the MDZ interference on reconsolidation (Bustos et al,
2006). Extinction is a new active learning process during
which the organism learns that the CS no longer predicts the
occurrence of the US (Bouton, 2004; Bouton et al, 2006). This
acquisition results in a memory that competes with and
temporarily suppresses the memory formed during the
original association (Myers and Davis, 2002). On the basis
of present findings, it is evident that MDZ interferes with both
the processes, reconsolidation and consolidation of extinc-
tion. Consequently, if reconsolidation is the dominant process
(brief reexposure to the CS), MDZ blocks the original
memory and no signs of fear memory are observable. In
contrast, if extinction is induced and becomes the dominant
process (long reexposure to the CS), MDZ interferes with the
consolidation of extinction and freezing emerges as the main
behavioral expression during a subsequent test.

BDZ compounds induce their pharmacological actions by
means of the allosteric modulation of GABA-A receptors
thus activating the GABAergic inhibitory neurotransmis-
sion by increasing the frequency of chloride uptake (Study

and Barker, 1981). There is a vast amount of data showing
that memory impairment induced by BDZ is mediated by
BDZ sites (Savic et al, 2005). It is probable that the neural
mechanisms associated with both processes are critically
modulated by inhibitory GABAergic neurotransmission
even though reconsolidation and consolidation of extinc-
tion result in opposite behavioral outputs. Moreover;
depending on the duration of the reactivation trial, the
emergence of reconsolidation or the consolidation of
extinction requires a reduced GABAergic neurotransmis-
sion. Previous reports (Pereira et al, 1989; Akirav et al,
2006; Akirav, 2007) have also shown that GABA-A agonist
or diazepam administration, another BDZ compound,
interrupted the fear extinction memory using different
learning memory tasks, and McGaugh et al (1990) show that
the administration of GABA-A receptors antagonist en-
hances extinction during testing. However, Harris and
Westbrook (1998, 1999, 2001) propose that GABA neuro-
transmission facilitates the acquisition and expression of
extinction. In the works mentioned, BDZ-modulating agents
were administered either prior to training or prior to the
test (extinction training). Moreover, BDZ-sensitive GABA-A
receptor binding in the amygdala is increased after
extinction training (Chhatwal et al, 2005), and McCabe
et al (2004) show that BDZ facilitates extinction by using a
food-reinforced lever-press task in animals that had
experienced several extinction sessions. In our case, MDZ
was administered after a prolonged reactivation session and
obviously, it did not influence the expression or the
acquisition of extinction. Thus, procedural differences
may account for the different effects on the extinction
process observed between those reports and the present
findings. Therefore, it seems reasonable to propose that
GABAergic neurotransmission modulates different phases
of extinction memory and the resultant effect will depend
on: (1) the time of administration of the GABA-modulating
drug, (2) the experience of the animal at the moment of
administration, and (3) the experimental paradigm used.
Finally, Myers and Davis (2002) advanced the view that
activation of GABA-A sites would retard extinction if
administered during the critical period of plasticity under-
lying extinction, whereas opposite effects would be obtained
if they were injected prior to training or prior to the test.

An interesting finding of the present report is the time-
dependent stability gradient because as the time interval
between training and reactivation increases, there is a clear
reduction in the vulnerability to disruption after reactiva-
tion. A fear memory of 21 days was only vulnerable to MDZ
at a 1.5 mg/kg dose with a reactivation session of 5 but not
of 3 min and a remote memory of 36 days was only
vulnerable to a higher MDZ dose (3 mg/kg). It is worthwhile
to remark that when these old memories failed to show
vulnerability to MDZ, the rats showed high levels of fear in
the test session. In contrast, recent fear memories were
prevented by MDZ both after a short reactivation trial and
after MDZ 1 mg/kg, a dose that was completely ineffective in
older memories. Consistent with these results, emerging
data have evidenced that as memories mature they become
increasingly stable and immune to interfering agents after
retrieval (Milekic and Alberini, 2002; Alberini, 2005; Suzuki
et al, 2004; Frankland et al, 2006; Boccia et al, 2006;
Eisenberg and Dudai, 2004). Interestingly, fear was absent
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early after training, but it was evident in remote memories,
when animals were exposed to a novel context. As
previously proposed (Wiltgen and Silva, 2007), this suggests
that contextual fear memories generalize to other environ-
ments with the passage of time. In addition, MDZ
administration after exposure to the nonassociated envir-
onment does not affect fear memory regardless of the
interval between training and exposure to B. Therefore, only
reexposure to the associated context can induce memory-
induced lability to the disruptive effect of MDZ.

A longer reexposure is necessary to promote a destabiliz-
ing effect on a 21-day memory; whereas in older memories, a
higher MDZ dose is necessary to induce a significant
interference after retrieval. It has been proposed that the
neural circuit underlying the storage of permanent memory
differs from those implicated in the initial storage (Wiltgen
et al, 2004) and that reorganization results in a greater
stability (Dudai and Eisenberg, 2004; Alberini, 2005).
Consequently, remote contextual fear memories are insensi-
tive or less sensitive to disrupting drugs presumably because
they are distributed through multiple cortical regions (Suzuki
et al, 2004; Wiltgen et al, 2004; Frankland et al, 2004, 2006).
Furthermore, longer duration of the reexposure session has
greater destabilizing effect on memory traces than shorter
reexposure. This latter view might explain the need to use
a longer reexposure to promote a destabilizing effect on
a 21-day memory and a higher MDZ dose to induce a
significant interference of memory after retrieval in even
older memories. With the same line of reasoning, a fear
memory formed from a recent acquisition could be more
accessible to destabilization with a shorter duration of the
reactivation trial, and in turn, susceptible to interference
with a lower MDZ dose probably because this consolidated
memory is temporarily located in a more restricted neural
network (Frankland et al, 2006; Frankland and Bontempi,
2005). Altogether, the results of this study demonstrate that
MDZ interferes with the reconsolidation of a fear memory
within a relatively restricted time window during reexposure
(reactivation) in recent acquired memories. In longer
reexposure, MDZ disrupts the consolidation of extinction.
A longer duration of the reactivation session and higher
doses of MDZ are required to interfere with the reconsolida-
tion process of remote fear memories.

In summary, our findings demonstrate that the interplay
between the variables studied in the present research,
reexposure duration and memory age, is crucial in determin-
ing the degree of memory-induced lability after retrieval.

ABBREVIATIONS

BDZ, benzodiazepine; A, conditioned context; B, novel
context; CS, conditioned stimulus; US, unconditioned
stimulus; GABA, g-amino butyric acid; GABA-A, g-amino
butyric acid A receptor; i.p., intraperitoneally; MDZ,
midazolam; SAL, saline.
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