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Research

Stress response recruits the hippocampal
endocannabinoid system for the modulation
of fear memory
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The modulation of memory processes is one of the several functions of the endocannabinoid system (ECS) in the brain, with

CB1 receptors highly expressed in areas such as the dorsal hippocampus. Experimental evidence suggested an important

role of the ECS in aversively motivated memories. Similarly, glucocorticoids released in response to stress exposure also

modulates memory formation, and both stress and dexamethasone activate the ECS. Here, we investigate the interaction

between the ECS and glucocorticoids in the hippocampus in the modulation of fear memory consolidation. Two protocols

with different shock intensities were used in order to control the level of aversiveness. Local infusion of AM251 into the

hippocampus immediately after training was amnestic in the strong, but not in the weak protocol. Moreover, AM251

was amnestic in animals stressed 0, but not 30-min prior to the weak protocol, reverting the stress-induced facilitatory

effect. Finally, intrahippocampal AM251 infusion reduced memory in animals that received dexamethasone immediately,

but not 30 min before training. These results are (1) consistent with the view that the dorsal hippocampus ECS is activated

on demand, in a rapid and short-lived fashion in order to modulate the consolidation of an aversive memory, and (2)

show that this recruitment seems to be mediated by glucocorticoids, either in the hippocampus or in other brain

regions functionally associated with the hippocampus.

In the last decade, growing evidence supports the role of the
endocannabinoid system (ECS) as a memory modulator, particu-
larly in mammal brain structures (Davies et al. 2002; Lutz 2007;
Viveros et al. 2007; Heifets and Castillo 2009). The involvement
of this modulatory system in areas such as the dorsal hippocam-
pus or the basolateral amygdala (BLA) is not only corroborated
by receptor density studies (Mackie 2005; Marsicano and Kuner
2008), but is also consistent with several pharmacological results,
usually obtained in behavioral tasks that are both aversive and
hippocampus dependent. For instance, CB1 antagonists were
shown to impair consolidation (de Oliveira Alvares et al. 2005)
and extinction (Suzuki et al. 2004; Pamplona and Takahashi
2006; Niyuhire et al. 2007), while having the opposite effect on
memory retrieval (de Oliveira Alvares et al. 2008a) and reconsoli-
dation (de Oliveira Alvares et al. 2008b). The same results may
not be observable when the administration is performed systemi-
cally or under a different experimental protocol (Suzuki et al.
2004; Pamplona and Takahashi 2006; Yim et al. 2008). The ECS
may be acting both at the cellular and the systems level, being
involved in memory processes that depend on protein synthesis
(de Oliveira Alvares et al. 2008b; Heifets and Castillo 2009;
Puighermanal et al. 2009) and, on the other side of the spectrum,

is considered a good spike timing/brain oscillations coordinator
candidate (Robbe et al. 2006). Although the role of the ECS in
long-term memory modulation is better documented for aversive
tasks, this system does not appear to be involved in less-aversive
memories (Hölter et al. 2005; de Oliveira Alvares et al. 2006;
Pamplona and Takahashi 2006; Niyuhire et al. 2007).

Among the several different stress hormones released after an
aversive learning paradigm, glucocorticoids (GC) are noticeable
for their broad functional and temporal range of effects (Joëls
2008; Joëls et al. 2009). The hippocampus is one of the memory-
related targets of these actions, being specifically susceptible to
uncontrollable stress through a pathway that involves the amyg-
dala (Kim and Diamond 2002; Akirav and Richter-Levin 2006;
Malin and McGaugh 2006). Several convergent studies show
that either corticosterone, or the synthetic glucocorticoid
dexamethasone, or stress promote the enhancement of memory
consolidation (Roozendaal and McGaugh 1996; Roozendaal
et al. 1999) while impairing retrieval (de Quervain et al. 1998;
Roozendaal et al. 2003). Moreover, recent studies have shown
that stress exposure or glucocorticoid administration impair
reconsolidation (Maroun and Akirav 2008; Wang et al. 2008)
and influence extinction (Cai et al. 2006; Yang et al. 2006) despite
some contradictory results (Maroun and Akirav 2008). It is quite
uncommon for a drug to exhibit a functional profile structured
like that exhibited by agents acting at the ECS, i.e., enhancing
consolidation while impairing retrieval, as well as causing exactly
opposite effects upon reconsolidation and extinction.
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The parallels between endocannabinoids and glucocorti-
coids acting upon different phases of memory processing suggest
an interaction between both systems, as already shown in other
brain areas (Di et al. 2003, 2005; Steiner and Wotjak 2008). A
recent report suggests that CB1-mediated signaling in the basolat-
eral amygdala is critically modulated by GCs in emotional mem-
ory consolidation (Campolongo et al. 2009). In addition, there are
studies showing that both stress and dexamethasone administra-
tion increased the level of both endocannabinoids anandamide
and 2-arachidonylglycerol (Di et al. 2003, 2005; Hohmann et al.
2005). The aim of the current study was to evaluate the interaction
between the ECS and glucocorticoids in the modulation of
memory consolidation using the contextual fear conditioning
(CFC) paradigm, a well known hippocampus-dependent learning
task (Kim and Fanselow 1992). Moreover, the training protocol
used allows one to control the strength of the aversive stimulus
applied.

Results

Experiment 1: The endocannabinoid system is recruited

only with strong fear training
In this first series of experiments, we study whether the ECS is
required for memory consolidation when the training used a
mild footshock (0.3 mA) or when the training used a strong foot-
shock (0.7 mA). With the strong footshock training, there was a
significant difference between the AM251 and the control groups
(Fig. 1A, P , 0.001, t-test). In contrast, such an effect was not
evident with the weak footshock protocol (Fig. 1B, P ¼ 0.750,
t-test). The fact that the AM251 disruptive effect was absent using
the weak protocol suggests that only high levels of aversive status
may be able to recruit the hippocampal endocannabinoid system
in order to modulate contextual fear memory.

Experiment 2: Prior stress recruits the hippocampal

endocannabinoid system for the modulation

of fear memory consolidation
Based on the findings obtained in the experiment 1, we next asked
whether increasing the aversiveness from another source prior
to the weak training protocol would be able to render memory
consolidation sensitive to the interference induced by the CB1
antagonist. Figure 2 shows the freezing behavior performed dur-
ing the test by animals that received a bilateral intrahippocampal
infusion of AM251 or its vehicle after the CFC weak training, and
with a previous stress session in a different context at two different
times. The two-way ANOVA revealed a significant effect for
AM251 (F(1,35)¼ 11.145, P ¼ 0.002) and an interaction between
stress-0-min � AM251 (F(1,35)¼ 4.556, P ¼ 0.040). There was a sig-
nificant difference between the AM251 and its DMSO control for
0 min (Tukey post-hoc test, P , 0.001), but not for 30-min pre-
training stress (idem, P ¼ 0.419); also, the AM251 group for
0 min pre-training stress differed significantly from the 30 min
case (idem, P ¼ 0.021). These results showed that a prior stressful
experience strengthens the memory consolidation of a weak con-
ditioning protocol. Moreover, this rapid memory-enhancing
effect elicited by stress is modulated by the activation of the
hippocampal ECS.

Experiment 3: Glucocorticoids interact with the

hippocampal endocannabinoid signaling to

modulate fear memory consolidation
In the following experiment, we investigated whether glucoco-
rticoids recruit the hippocampal ECS to influence memory

consolidation following the weak footshock protocol. To this
end, we studied the effect of a systemic injection of an exogenous
synthetic glucocorticoid injected at 0 or 30 min prior to the CFC
weak training. The goal of this experiment was to mimic the
effect of the stressful experience observed in experiment 2. For
the groups injected with dexamethasone immediately before

Figure 1. Effect of bilateral intrahippocampal infusion of AM251 or its
vehicle (veh: PBS with 8% DMSO) upon percentual freezing time in a
test session performed 24 h after a contextual fear conditioning (CFC)
training session under (A) a strong (0.7 mA) or (B) a weak (0.3 mA) foot-
shock. The diagram above each histogram depicts the corresponding
experimental design. Data expressed as mean+SEM of percent of freez-
ing time in a 5-min test session. (a) Significantly different from the control
group (P , 0.001, t-test), with n ¼ 11 and 9, respectively. In Figure 2
(bottom panel) there were no significant differences between groups
(P ¼ 0.750, t-test), with n ¼ 8 and 8, respectively.
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training (Fig. 3A), two-way ANOVA indicated a significant effect of
AM251 (F(1,31)¼ 5.464, P ¼ 0.026), and an interaction between
DEXA and AM251 groups (F(1,31)¼ 13.554, P , 0.001): There was
a significant difference between both DMSO groups (Tukey
post-hoc test, P ¼ 0.003); and the AM251 group injected with
DEXA was significantly different from its DMSO control (idem,
P , 0.001). For the groups injected with dexamethasone 30 min
before training (Fig. 3B), the two-way ANOVA indicates only a sig-
nificant effect of DEXA (F(1,35)¼ 17.051, P , 0.001): There was a
significant difference between groups receiving DEXA or its
vehicle for each intrahippocampal treatment, be it DMSO
(Tukey post-hoc test, P ¼ 0.003) or AM251 (idem, P ¼ 0.011).
These data showed that dexamethasone induced a long-lasting
facilitatory effect upon memory consolidation, a potentiation
that was blocked by AM251 infused into the hippocampus.
These results suggest that the rapid memory-enhancing effect of
a glucocorticoid upsurge is modulated by the activation of the
ECS in the hippocampus. Thus, dexamethasone mimicked the

facilitating influence of a pre-training stress session upon memory
consolidation following the weak training protocol.

Experiments 4 and 5: Effect of intrahippocampal

dexamethasone on the hippocampal endocannabinoid

signaling on the modulation of fear memory consolidation
In order to analyze whether the stress/glucocorticoid-inducing
effect upon the hippocampal endocannabinoid system takes
place in the hippocampus, we performed two additional experi-
ments. In experiment 4, we investigated whether dexamethasone
directly infused into the CA1 area immediately after the CFC
training with a weak footshock could lead to the same enhancing
effect observed in experiment 3: There was no statistically signifi-
cant increase in the percent freezing following the weak footshock
protocol (Fig. 4). Drug concentrations were similar to those used
elsewhere (Abrahám et al. 1996; Ferreira et al. 2000; Di et al.
2003) and pretraining infusions were also ineffective (data not
shown). Thus, intrahippocampal dexamethasone infusion failed
to mimic the facilitating influence of a pretraining stress session
or systemic dexamethasone on fear memory consolidation
following the weak training protocol.

In additional experiments we evaluated the effect of
mifepristone (RU486), a glucocorticoid cytoplasmatic receptor
antagonist, in concentrations used earlier (Calfa et al. 2007),
directly infused into the CA1 area immediately before the CFC
training with a strong footshock. Since there is no membrane/
rapid/nongenomic GC receptor (mGCR) antagonist available
yet (Di et al. 2005), we checked whether at least the slow,
genomic-mediated GC hippocampal receptors might contribute
to the observed enhancing effect induced by the strong shock
(see Fig. 1A). The findings of this experiment showed comparable
levels of freezing among the different groups (P ¼ 0.947, one-way
ANOVA), indicating that the intrahippocampal infusion of this
drug at two different doses does not affect fear memory con-
solidation. As in experiment 1, all groups were run in parallel,
at the same time, and the means were: Vehicle: 39.2+5.5 sec;
Mifepristone 6 ng/mL: 42.4+8.1 sec; Mifepristone 60 ng/mL:
39.9+10.0 sec (n ¼ 9, 8, and 5, respectively). The smaller freezing
time of the control group compared with that in Figure 1A (with
same shock intensity) might be due to natural variations among
samples, since the experiments were performed in different
months of the year.

Discussion

The current study examined the role of the hippocampal ECS in
the modulation of memory consolidation induced by different
footshock intensities during fear conditioning. The amnestic
effect of the CB1 antagonist AM251 on consolidation following
the strong footshock protocol (Fig. 1A) is consistent with previous
data from our group using both the CFC and the step-down in-
hibitory avoidance tasks (de Oliveira Alvares et al. 2005, 2006,
2008a,b). In contrast, such effect was absent in animals subjected
to weak footshock training (Fig. 1B). These findings suggest that a
strong emotionally arousing experience is a necessary condition
for the involvement of the hippocampal ECS on fear memory
consolidation.

The view that hippocampal ECS requires some level of
aversiveness in order to be recruited is also supported by studies
showing that memory motivated by mildly aversive tasks, such
as the open field habituation, systematically fails to respond to
CB1 agents (de Oliveira Alvares et al. 2005, 2008a). Although
the generality of this supposition might be disputed (see, e.g.,

Figure 2. Time-dependent differential responses (percentual freezing)
to bilateral intrahippocampal infusion of AM251 or its vehicle (veh: PBS
with 8% DMSO), in a test session performed 24 h after a CFC training
session under both a weak (0.3 mA) footshock and after a previous
stress session in a different context, at different times. The diagram
above the histogram depicts the corresponding experimental design.
Data expressed as mean+SEM of percentual freezing time in a 5-min
test session. Dashed line: average value of percent freezing for a group
not submitted to stress, shown for illustrative reasons only. Horizontal
axis: time of stress before CFC training. Two-way ANOVA indicates a sig-
nificant effect of treatment (but not of time), and an interaction between
treatment and time: (a) significant difference between treatment groups
for this time (P , 0.001, Tukey post-hoc test); (b) significantly different
from the correspondent AM251-infused group stressed at 30 min (P ¼
0.021, Tukey post-hoc test). n ¼ 11, 10, 10, and 8, respectively.
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Kamprath et al. 2006; Jacob et al. 2009), it seems consistent with
the literature indicating that ECS involvement is task-specific
(de Oliveira Alvares et al. 2005; Hölter et al. 2005; Niyuhire et al.
2007). Recently, Kamprath et al. (2009) have demonstrated a
dependency of endocannabinoid action on the intensity of the
footshock used in a fear-conditioning task that associates tone
response with previous shock treatment.

It is widely known that stressful events, such as an aversive
learning paradigm, or the release of hormones functionally asso-
ciated with threatening events, play a critical role in memory
processes (Roozendaal and McGaugh 1996; de Quervain et al.
1998; Roozendaal et al. 1999, 2003; Okuda et al. 2004). It is notice-
able how the effects of these stimuli resemble the endocannabi-
noid system on its influence on different memory phases
(Suzuki et al. 2004; de Oliveira Alvares et al. 2005, 2008a,b; Cai
et al. 2006; Pamplona and Takahashi 2006; Yang et al. 2006;
Niyuhire et al. 2007; Maroun and Akirav 2008; Wang et al.
2008). Actually, the release of endocannabinoids such as ananda-
mide and 2-AG have been demonstrated in the hippocampus
(Kamprath et al. 2006), the amygdala (Marsicano et al. 2002),
and other brain structures, such as the periaqueductal gray matter
(Hohmann et al. 2005) and the midbrain (Di et al. 2005), always in
response to an aversive situation. Another suggestive clue comes
from the fact that cannabinoids can influence synaptic events tak-
ing place in areas such as the hippocampus, particularly after an
aversive stimulation (Wilson et al. 2001; Carlson et al. 2002).

Consonant with this view, the present study shows that
intrahippocampus infusion of AM251 blocked the memory-

enhancing effect of both pre-training treatments, a single stress
session (Fig. 2) or a single dexamethasone injection (Fig. 3A), sug-
gesting an activation of the hippocampal ECS by the glucocorti-
coid system. Endocannabinoids would, in turn, suppress the
local interneuronal GABAergic control (Katona et al. 1999;
Wilson and Nicoll 2002) and, through this mechanism, disinhibit
the memory trace building excitatory pathway as we have
suggested elsewhere (de Oliveira Alvares et al. 2005, 2006).

In the last few years, it became clear that the Hypothalamus–
Pituitary–Adrenal (HPA) axis activity is controlled by an endocan-
nabinoid tonus (Cota 2008; Steiner and Wotjak 2008); more
specifically, subcortical brain areas expressed CB1 receptors that
seem to be involved in stress-induced GC release (Steiner et al.
2008). The existence of a two-way interdependence between
endocannabinoid and GC systems began to be uncovered after
the demonstration of the existence of rapid/nongenomic/
membrane-bound glucocorticoid receptors (Tasker et al. 2006);
and corticosterone, an endogenous GC released by the adrenal
cortex in response to a stressful stimulus, can act upon several
targets in the brain after freely crossing the blood-brain barrier
(Joëls 2008). It was suggested that the fact that this effect takes
place in a few minutes was in conflict with the well-known slow,
genomic effects mediated by the two citoplasmatic types of GC
receptors. This evidence led to the proposal of a fast, functional
G-protein membrane-bound receptor (mGCR), first shown in
the hypothalamic PVN area (Di et al. 2003, 2005): Postsynaptic
mGCRs in parvocellular neurons can promote a fast feedback
inhibition of further hormone release, a mechanism mediated

Figure 3. Interdependency between intrahippocampal treatment (AM251 or its vehicle) and dexamethasone systemically infused (A) immediately
(0 min) or (B) 30 min before the CFC training session under a weak (0.3 mA) footshock. The diagram above each histogram depicts the corresponding
experimental design. Data expressed as mean+SEM of percentual freezing time in a 5-min test session performed 24 h after the CFC training session.
Horizontal axis: The two intrahippocampal infusion groups (Veh: PBS with 8% DMSO; AM251: 5.5 ng/side) are grouped according to the systemic treat-
ment—first the control group (i.p. Veh: saline+2.5% ethanol) and, next, the dexamethasone group (i.p. DEXA: 0.01 mg/Kg). In A the two-way ANOVA
indicates a significant effect of intrahippocampal, but not of systemic treatment, and an interaction between these treatments: (a) significantly different
from the intrahippocampal vehicle-injected of the i.p. Veh systemic group (P ¼ 0.003, Tukey post-hoc test); (b) significantly different from the corre-
spondent vehicle-injected group of the same systemic (i.p. DEXA) group (P , 0.001, Tukey post-hoc test). n ¼ 9, 7, 10, and 9, respectively. In B, the
two-way ANOVA indicates a significant effect of systemic (but neither of intrahippocampal treatment nor an interaction between the two treatments):
There is a significant difference between systemic groups for each intrahippocampal treatment, (c) Veh (P ¼ 0.003, Tukey post-hoc test) or (d)
AM251 (P ¼ 0.011, Tukey post-hoc test), with n ¼ 11, 9, 10, and 9, respectively.
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by the production and release of endocannabinoids acting
presynaptically to reduce glutamate release (Di et al. 2003).
Similarly, GCs can reduce glutamate and increase GABA release
in magnocellular neurons through endocannabinoids that will
retrogradely act upon two different cell types (Di et al. 2005),
using two divergent G-protein pathways (Di et al. 2009). This
putative fast-signaling receptor might explain the different results
we have observed between the two time points selected (0 or
30 prior to training) for stress exposure (Fig. 2), or dexamethasone
administration (Fig. 3A,B), suggesting that the intrahippocampal
infusion of the CB1 antagonist disrupted memory consolidation
only at the beginning of the GC system activation.

In order to conclude whether the GC-dependent hippocam-
pal endocannabinoid recruitment takes place in the hippocampus
itself, we performed experiments 4 and 5. These results, however,
are inconclusive, and the “link” may still be in the hippocam-
pus—possibly mediated by the putative, fast mGCRs—or in
another brain structure. In this regard, two recent reports showed
that local AM251 infusion into the BLA may interfere with the
memory-enhancing effect of stress or GCs (Campolongo et al.
2009; Ganon-Elazar and Akirav 2009). In the first study, the
memory-enhancing effect of GCs was attributed to an ECS-
mediated disinhibitory influence on noradrenaline release, a
mechanism that facilitated the formation of the aversive memory
trace (Campolongo et al. 2009; Hill and McEwen 2009). In the sec-
ond work, intra-BLA AM251 disrupted an avoidance memory
extinction and the agonist WIN55,212-2, administered either
into the BLA or systemically, modulated the behavioral enhance-
ment effect of stress, prompting a small increase in plasma
corticosterone levels (Ganon-Elazar and Akirav 2009). Thus, not
only the dorsal hippocampus and the basolateral amygdala
may share an analogous mechanism, but they might even be
functionally connected in order to modulate a cognitive process

such as the formation of a new contextual fear memory trace
(Akirav et al. 2001; Kim and Diamond 2002; Akirav and
Richter-Levin 2006; Malin and McGaugh 2006). Further experi-
ments are necessary to investigate such a possibility.

The dexamethasone i.p. dose selected in the present
study enhances memory consolidation in a long-lasting way
(Fig. 3A,B). Despite the fact that this synthetic glucocorticoid
has a different time profile as compared with corticosterone
(Bohus and De Kloet 1981), experiment 3 was able to effectively
mimic the stress situation, again supporting the idea that the
stress-induced enhancing effect involves the recruitment of hip-
pocampal endocannabinoids (Fig. 3A), either directly or through
an external relay as mentioned above. Furthermore, this ECS
recruitment appears to vanish 30 min after dexamethasone
administration (Fig. 3B), similar to the effect we observed when
stress exposure was performed 30 min prior to the CFC training
session (Fig. 2). This was also consistent with evidence showing
that endocannabinoids are rapidly released on demand and
have a brief half-life of circa 5 min (Di Marzo et al. 1994, 2005).

Since the stress-enhancing effect took place only when pre-
sented immediately before (or during) training, a time course of
action for the stress-released endogenous agent that mediates
the phenomenon is suggested. The fact that the effect is no
longer evident when animals are subjected to the environmental
demand 30 min prior to training is consistent with the time course
of several stress hormones (Joëls 2008). In this line of reasoning,
corticosterone may be a good candidate, even considering the
fact that its hippocampal peak takes place 30 min after stress
(Pfaff et al. 1971; Joëls 2008) and similar times may be expected
for nearby anatomical targets. Thus, its receptor-mediated effects,
both rapid and/or slow, might be induced early in the time curve,
and the receptor activation/inactivation cycle might be com-
pleted well before the GCs have reached their maximum levels.

In summary, our results suggest that the activation of the ECS
in the hippocampus requires a certain level of aversiveness or
emotional status to exert its modulatory role on fear memory
consolidation. This negative emotional state may be provided
(1) by the task stimulus itself (e.g., a strong shock; Fig. 1A), or
(2) by a previous stress session (Fig. 2), or, alternatively, (3) by a
hormone functionally associated with a stressful stimulus, such
as the glucocorticoids (Fig. 3A). Based on these findings we
propose that glucocorticoids may be the putative endogenous
mediators of this aversive-dependent hippocampal ECS recruit-
ment, despite the fact that this functional link may be taking place
in the same or in adjacent brain structures. To our knowledge,
this is the first demonstration that the hippocampal ECS can
functionally interact with glucocorticoids in order to modulate
the formation of a contextual fear memory.

Materials and Methods

Animals
Two-hundred and thirty-one male Wistar rats (age 2–3 mo,
weight 250–320 g) from our breeding colony were used in these
experiments. Animals were housed in plastic cages, four to five
in a cage, under a 12-h light/dark cycle and at a constant temper-
ature of 24+18C, with water and food ad libitum.

Stereotaxic surgery and cannulae placement
All animals were anesthetized by a mixture of ketamine and xyla-
zine (i.p., 75 and 10 mg/kg, respectively) and bilaterally im-
planted with a 27-gauge guide cannulae aimed at AP 24.2 mm
(from bregma), LL+3.0 mm, DV 1.8 mm, just 1.0 mm above
the CA1 area of the dorsal hippocampus (according to Paxinos
and Watson 2007). After a 1-wk recovery from surgery, animals
were submitted to the behavioral procedures. Following the

Figure 4. Effect of dexamethasone (Dexa: 0.2 and 4 mg/mL) or its
vehicle (Veh: PBS) directly infused into the dorsal hippocampus (area
CA1) immediately after the CFC training under a weak (0.3 mA) shock.
Data expressed as mean+SEM of percentual freezing time in the 5-min
test session performed 24 h after the CFC training session. There were
no significant differences between the groups (P ¼ 0.332, one-way
ANOVA). n ¼ 12, 13, and 14, respectively.
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behavioral experiments, all subjects were sacrificed and their
brains dissected and preserved in 10% formaldehyde to verify
for cannulae position under low magnification (Fig. 5): 210 out
of 231 animals had correct cannulae placements, so their data
were included in the statistical analysis.

Contextual fear conditioning (CFC)
The conditioning chamber consisted of an illuminated Plexiglas
box (25.0 � 25.0-cm grid of parallel 0.1-cm caliber stainless steel
bars spaced 1.0 cm apart). In the conditioning session (training),
rats were placed in the chamber for 3 min for habituation, and
only after this, they received two 2-sec footshocks, either of 0.3
or 0.7 mA, separated by a 30-sec interval. Before returning to their
home cages, animals were kept in the conditioning environment
for an additional minute. Twenty-four hours later, all animals
were tested for 5 min in the same context.

Stress vs. glucocorticoid injection
The stress session consisted of receiving two 1-mA inescapable
footshocks in a different context (10 � 10-cm plastic box, grid
floor), delivered 10 sec after being put there. Both stress exposure
or dexamethasone i.p administration. (0.01 mg/kg) were either
applied 30 min or immediately before training in the CFC task.
In order to avoid any association with the grid floor itself, the
very few animals (less than five) that presented freezing behavior
during the 3-min habituation phase of the conditioning session
(before receiving the conditioning shocks) were excluded from
the analyses.

Intrahippocampally infused drugs
At the time of infusion, a 30-gauge infusion needle was fitted into
the guide cannulae, with its tip protruding 1.0 mm beyond the
guide cannula end and aimed at the pyramidal cell layer of CA1
of the dorsal hippocampus (see Fig. 5). A volume of 0.5 mL was
bilaterally infused at a slow rate (20 mL/h) and the needle was
removed only after another additional 30 sec. In experiments
1–3 animals were divided into two groups, each receiving one
of the following drugs: AM251, a selective CB1 antagonist
(5.5 ng/side; Tocris Cookson, Inc.), or its vehicle (phosphate-
buffered saline with 8% dimethylsulfoxide). Vehicle composition
and the doses/concentrations used were selected based on pre-
vious experiments from our laboratory (de Oliveira Alvares et al.
2006, 2008b). Dexamethasone (0.2 and 4 mg/mL) and the GCR
antagonist mifespristone/RU486 (Sigma; 6 and 60 ng/mL) for
the intrahippocampal infusions were dissolved in the same
vehicle as described above for AM251.

Experimental design

Experiment 1

Animals were trained in the CFC with either a strong (0.7 mA) or a
weak (0.3 mA) footshock; immediately after the training session,
rats received the intrahippocampal infusion of AM251 (5.5 ng/
side) or its vehicle (PBS þ 8% DMSO), and the test was performed
24 h later (see the diagram above Fig. 1A,B).

Experiment 2

Animals were submitted to a stressful event in a different context
at different time points, either 0 or 30 min prior to the training
session, and then trained in the weak shock protocol (0.3 mA);
immediately after training, animals received locally in the dorsal
hippocampus either AM251 or its vehicle (as in experiment 1); test
was performed 24 h later (see the diagram above Fig. 2).

Experiment 3

Animals were injected i.p. with dexamethasone (DEXA, 0.01 mg/
Kg) or its vehicle (ETOH, PBS þ 2.5% ethanol) at different time
points, either 0 or 30 min prior to the training session, and then
trained using the weak shock protocol (0.3 mA); immediately after
training, animals received locally in the dorsal hippocampus
either AM251 or its vehicle (as in experiment 1); test was
performed 24 h later (see diagram above Fig. 3A,B).

Experiment 4

Experiment 4 was similar to experiment 1, with dexamethasone
(0.2 and 4 mg/mL) directly infused into the dorsal hippocampus
(area CA1) after the training session with the weak (0.3 mA) shock
(see diagram above Fig. 4).

Experiment 5

Experiment 5 was also similar to experiment 1, with mifepristone
(6 and 60 ng/mL) directly infused into the dorsal hippocampus
(area CA1) before the training session with the strong (0.7 mA)
shock.

Statistical analysis
Since CFC data (percent freezing) in all experimental groups have
both reached P . 0.200 in the Kolmogorov–Smirnov test with
Lilliefors’ correction and passed the Equal Variance test, normal-
ity and homocedasticity were ensured and only parametric tests
were used (data expressed as mean+SEM). Differences between
groups receiving intrahippocampal post-training infusions of
AM251 or its vehicle after a weak or a strong footshock were iden-
tified by t-test for independent samples (experiment 1); when
more groups were involved, one-way (experiments 4 and 5) or
two-way (experiments 2 and 3) ANOVAs was used and differences
sorted by Tukey all-pairwise multiple comparison post-hoc test.
Statistical analysis of the behavioral data was limited to the 210
out of 231 animals with correct cannulae placements (Fig. 5),
and only P of ,0.05 were considered significant.

Ethical aspects
All experimental procedures in living animals (rats) were
performed in strict accordance to the recommendations
of the Brazilian Society for Neurosciences (SBNeC), the
Brazilian College of Animal Experimentation (SBCAL), and the
International Brain Research Organization (IBRO), being previ-
ously approved by our Institutional (UFRGS) Committee for
Ethics in Research, meaning that they are in compliance with
the U.S. National Institutes of Health Guide for Care and Use of
Laboratory Animals (publication no. 85-23, revised in 1985), the
European Communities Council Directive of 24 November 1986
(86/609/EEC), and the Brazilian law (Federal Law no 11.794/
2008). Every effort was made to minimize the number of animals
used and their suffering.

Figure 5. Typical acceptable needle placement, aimed at the CA1
region (according to Paxinos and Watson 2007) of the rat dorsal hippo-
campus (formol thionine technique).
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