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Abstract

Rationale Conditioned fear to context causes freezing and
cardiovascular changes in rodents and has been used to
measure anxiety. It also activates the dorsolateral column of
the periaqueductal gray (dIPAG). Microinjections of can-
nabinoid agonists into the dIPAG produced anxiolytic-like
effects in the elevated plus maze, but the effects of these
treatments on fear conditioning remains unknown.
Objective The objective of this study was to verify if intra-
dIPAG injection of the CB1 cannabinoid receptor agonist
anandamide (AEA) or the anandamide transport inhibitor
AM404 would attenuate behavioral (freezing) and cardiovas-
cular (increase of arterial pressure and heart rate) responses of
rats submitted to a contextual fear-conditioning paradigm.
Materials and methods Male Wistar rats with cannulae
aimed at the dIPAG were re-exposed to a chamber where
they had received footshocks 48 h before. Fifteen minutes
before the test, the animals received a first intra-dIPAG
injection of vehicle or AM251, a CBI receptor antagonist
(100 pmol/200 nl), followed 5 min later by vehicle, AEA
(5 pmol/200 nl) or AM404 (50 pmol/200 nl). Freezing and
cardiovascular responses were recorded for 10 min.
Results Freezing and cardiovascular responses were re-
duced by administration of either AEA or AM404 into the
dIPAG before re-exposition to the aversively conditioned
context. These effects were abolished when the animals
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were locally pretreated with AM251. The latter drug, even
at a higher dose (300 pmol), was ineffective when
administered alone into the dIPAG.

Conclusion The results suggest that facilitation of endo-
cannabinoid-mediated neurotransmission in the dIPAG,
through activation of local CB1 receptors, attenuates the
expression of contextual fear responses.

Keywords CB1 receptors - Anandamide -
Anxiolytic-like effect - AM404 - AM251

Introduction

Re-exposure of rats to an environment where they had been
previously submitted to aversive stimulation such as
electrical footshocks causes cardiovascular and behavioral
changes characterized by complete immobility (freezing)
and mean arterial pressure (MAP) and heart rate (HR)
increases (Blanchard and Blanchard 1969; Fanselow 1980;
Resstel et al. 2006a).

The periaqueductal gray matter (PAG) is a midbrain
structure that has been widely related to defensive
responses. Although electrical or chemical stimulation of
the dorsal portion of PAG is usually related to the flight
reactions, it can also produce freezing responses and
increase cardiovascular activity (Krieger and Graeff 1985;
Bandler and Carrive 1988). Reinforcing a possible role of
this region in conditioned fear, re-exposure to aversively
conditioned context increases neuronal activity in the PAG
(Carrive et al. 1997, 2000), and PAG lesions block freezing
to aversively conditioned stimulus (LeDoux et al. 1988;
Amorapanth et al. 1999).

Cannabinoid CB1 receptors and endogenous cannabi-
noid agonists such as anandamide (AEA) and 2-arachido-
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noylglycerol are extensively located in the brain (Devane et
al. 1988, 1992; Matsuda et al. 1990; Mechoulam et al. 1995;
Sugiura et al. 1995) and have been proposed to play an
important role in several functions of the central nervous
system (CNS; Smith et al. 1994; Adams et al. 1998). CB1
receptors are expressed in the PAG (Herkenham et al. 1991;
Bandler et al. 2000; Egertova et al. 2003), and a recent study
from our laboratory showed that intra-dorsolateral PAG
(dIPAG) administration of AEA increases both the time spent
and the number of entries into the open arms of an elevated
plus-maze (EPM), indicating an anxiolytic-like effect (Moreira
et al. 2007). These results suggest that the local endocanna-
binoid system in the dIPAG may modulate defensive
responses. This hypothesis, however, has not yet been tested
in other animal models such as contextual fear conditioning.
The aim of the present study, therefore, was to verify the
effects of intra-dIPAG administration of AEA or AM404, an
AEA re-uptake inhibitor, on behavior and cardiovascular
responses of rats re-exposed to an aversively conditioned
context. We also tested if the effects of AEA or AM404 are
being mediated by CBI1 receptors by locally pretreating the
animals with AM251, a CB1 receptor antagonist.

Materials and methods
Animals

Thirty-seven male Wistar rats weighing 210-230 g were
used. Animals were kept in the Animal Care Unit of the
Department of Pharmacology, School of Medicine of
Ribeirdo Preto, University of Sdo Paulo. Rats were housed
individually in plastic cages with free access to food and
water and under a 12 h light/dark cycle (lights on at 0630
hours). The Institution’s Animal Ethics Committee ap-
proved the housing conditions and experimental protocols.

Surgical procedures

Seven days before the experiment, rats were anesthetized
with tribromoethanol (250 mg/kg i.p.). After scalp anesthe-
sia with 2% lidocaine, a stainless steel guide cannula
(0.6 mm OD) was implanted unilaterally on the right side
aimed at the dIPAG (coordinates: AP=0 from lambda, L=
1.9 mm at an angle of 16°, D=4.0 mm) according to the
atlas published by Paxinos and Watson (1997). The cannula
was fixed to the skull with dental cement and a metal screw.
One day before the test, rats were anesthetized with
tribromoethanol and a catheter (a 4-cm PE-10 segment
heat-bound to a 13-cm PE-50 segment, Clay Adams, USA)
was inserted into the abdominal aorta through the femoral
artery for blood pressure recording. Catheters were tunneled
under the skin and exteriorized on the animal’s dorsum.
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Drugs

The endogenous cannabinoid anandamide (TOCRIS) and
the anandamide transporter inhibitor 4-hydroxyphenylar-
achidonylamide (AM404; TOCRIS) were dissolved in
TocrisolveTM 100 (a solvent that contains a 1:4 ratio of
soya oil/water, emulsified with the block co-polymer
Pluronic F68). The CB1 cannabinoid receptor antagonist
N-(piperidin-1yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-Hpyrazole-3-arboxamide(AM251; TOCRIS,
USA) was dissolved in dimethyl sulfoxide 10% in saline
(0.9% NaCl). The solutions were prepared immediately
before use and were kept on ice and protected from the light
during the experimental sessions.

Fear conditioning and testing

Preconditioning, conditioning, and testing were carried out
in 25%x22x22 cm experimental chamber. The chamber had
a grid floor composed of 18 stainless steel rods (2 mm in
diameter), spaced 1.5 cm apart and wired to a shock
generator (Automatic Reflex Conditioner, model 8572, Ugo
Basile, Italy). The experimental chamber was cleaned with
70% ethanol before and after use. The preconditioning
(habituation) session took place 1 week after surgery. The
animals were exposed, during the morning period, to the
experimental chamber for 10 min and were placed back into
their home cages. No shock was delivered during precon-
ditioning session. The conditioning session took place in
the afternoon of the same day 6 h after the preconditioning.
The animals were placed again into the experimental
chamber, and after 3 min, they received six 1.5 mA/3 s
electric footshocks (Resstel et al. 2006b) delivered at 20-s
to 1-min intervals. Twenty-four hours after the conditioning
session, a catheter was implanted into the femoral artery for
blood pressure and heart rate recording.

The test session started 24 h after the catheter implan-
tation and consisted of a 10-min-long re-exposure to the
experimental chamber without shock delivery. Animals
were initially transferred from the animal room to the
experimental room (a different room was used for condi-
tioning) in their home box. MAP and HR were recorded
using an HP-7754A amplifier (Hewlett Packard, USA) con-
nected to a signal acquisition board (Biopac M-100, USA)
and a computer. The cardiovascular recordings began after an
adaptation period of 1 h to the acoustically isolated
experimental room in the laboratory. Rats were tested only
once. Freezing was evaluated continuously during the 10-min
test. It was manually recorded by an experimenter blind to the
treatment groups who sat 30 cm away from the footshock
chamber. Freezing was defined as the complete absence of
movement other than respiration while the animal assumed a
characteristic tense posture (Fanselow 1980).
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Experimental design

Each animal received two 200-nl unilateral injections into
the dIPAG of the drugs or their respective vehicles. The
experimental groups were: vehicle + vehicle (n=7 per
group), vehicle + AEA (5 pmol, n=6), vehicle + AM404
(50 pmol, n=6), AM251 (100 pmol) + AEA (5 pmol, n=6),
AM251 (100 pmol) + AM404 (50 pmol, n=6), or AM251
(100 pmol) + vehicle (n=6). The dose of AEA was similar
to the one that produced anxiolytic effects in the EPM after
dIPAG injection in a previous study (Moreira et al. 2007).
The doses of AM404 and AM251 were based on those that
potentiated or blocked, respectively, these effects in the
same study. To confirm the lack of AM251 effect in the
dIPAG observed in this previous study (Moreira et al.
2007), an additional group received a single microinjection
of AM251 300 pmol (n=8). A 33G needle (Small Parts,
Miami Lakes, FL, USA) 1 mm longer than the guide
cannula and connected to a 10 pl syringe (7001 KH,
Hamilton, USA) through a PE-10 tubing was used. The
needles were carefully inserted into the guide cannulae, and
the solutions were infused over a 30-s period with a rate of
400 nl/min. They remained in place for an additional 20-s
period to prevent reflux.

The interval between the first and second microinjection
was 5 min, and the animals were tested 10 min after the last
microinjection. In all animals, the cardiovascular as well as
behavioral responses were recorded during the re-exposition
to experimental chamber where they had received footshocks
48 h before.

Histological control

To control for the specificity of the injection site, additional
groups of animals received injections of AEA (5 pmol) or
AM404 (50 pmol) into the following dIPAG surrounding
structures: dorsomedial PAG (dmPAG, n=3 per group),
lateral PAG (IPAG, n=3 per group) and superior colliculus
(SC, n=3—4 per group).

Fig. 1 Photomicrograph of a coronal brain section showing a
unilateral microinjection site in the dIPAG and a diagrammatic
representation based on the rat brain atlas of Paxinos and Watson
(1997) indicating injections sites of vehicle, AEA, AM404, and

Histological procedure

At the end of the experiments, the rats were anesthetized
with urethane (1.25 g/kg, i.p.), and 200 nl of 1% Evan’s
blue dye was unilaterally injected in the dIPAG as a site
marker. The chest was surgically opened, the descending
aorta occluded, the right atrium severed, and the brain
perfused with 10% formalin through the left ventricle.
Brains were post-fixed in 10% formalin for 24 h at 4°C, and
40 wm sections were cut using a cryostat (CM-1900, Leica,
Germany). Serial brain sections were stained with 1%
neutral red and injection sites determined using the rat brain
atlas of Paxinos and Watson (1997) as reference (Fig. 1).

Data analysis

The MAP and HR values were continuously recorded in
the 5-min period before and during the 10-min test period.
For statistical purpose, the continuous recordings were
averaged over 60-s intervals. Data were expressed as
means+SEM of MAP or HR changes (respectively, AMAP
and AHR). The average of the points sampled during the
300 s before exposure was used as control baseline value.
MAP and HR changes were analyzed using a two-way
repeated measure analysis of variance (ANOVA) with
group treatment as main independent factor and time as a
repeated measurement.

Freezing was expressed as percentage of the total test
period (10 min). Freezing was analyzed using one-way
ANOVA. In all cases, post hoc comparisons were
performed with ¢ tests with a Bonferroni adjustment. p<
0.05 was considered significant.

Results
A representative photomicrograph and a diagrammatic

representation indicating the injection sites in the dIPAG
can be seen in Fig. 1.

196 mm

drrFAG
,- dPAG j
.

[ ———
1 mm
AM251 into the dIPAG of conditioned animals. dmPAG Dorsomedial
periaqueductal gray; d/PAG dorsolateral periaqueductal gray; [PAG
lateral periaqueductal gray; SC superior colliculus
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Behavioral responses to fear conditioning

Intra-dIPAG injections of either AEA (p<0.001) or AM404
(»<0.001) induce a significant reduction in the percentage
of freezing when compared to vehicle-treated animals
(F639=39.1, p<0.001; Fig. 2). Pretreatment with AM251
blocked the effects of AEA and AM404 (Fig. 2). No effect
was observed when AM251 100 or 300 pmol (Fig. 2) was
injected alone into the dIPAG.

Cardiovascular responses to fear conditioning

No drug differences were observed in basal values of MAP
or HR. During the test, there were significant effects of
treatment (MAP: Fs53,=21.0, p<0.001 and HR: Fs3,=
27.01, p<0.001) and time (MAP: Fy579=61.3, p<0.001
and HR: Fg,70=11.0, p<0.001; Fig. 3). No significant
interaction between treatment and time was found. Post hoc
analysis showed that injections of AEA or AM404 into the
dIPAG attenuated the increase in MAP and HR induced by
re-exposure to the aversively conditioned chamber (p<
0.001). This effect was blocked by pretreatment with
AM251 (Fig. 3).

Histological control

Compared to animals that received vehicle injection into
the dIPAG, administration of AEA and AM404 into dIPAG
surrounding structures did not change freezing behavior or
cardiovascular responses induced by re-exposure to the
aversively conditioned chamber (Fig. 4).
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1st injection veh veh veh AM251-100 AM251-300 AM251-100 AM251-100
2nd injection  veh AEA AM404 veh veh AEA AM404

Fig. 2 Effects of unilateral microinjections of 200 nl of vehicle +
vehicle (veh, n=7), vehicle + AEA (5 pmol, n=6), vehicle + AM404
(50 pmol, n=6), AM251 (100 pmol) + vehicle (n=6), AM251
(300 nmol) + vehicle (n=8), AM251 (100 pmol) + AEA (n=6), or
AM251 (100 pmol) + AM404 (n=6) in the percentage of time spent in
freezing behavior. Columns represent the means and bars the SEM,
asterisk p<0.05 compared to vehicle + vehicle group
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Discussion

In the present study, conditioned rats showed increased
freezing and MAP and HR changes immediately after being
placed in the test chamber, confirming that re-exposure
to a context previously paired with an aversive stimulus
(footshock) induces behavioral and autonomic responses
typically observed in studies employing contextual fear-
conditioning paradigms (Zhang et al. 2004, Resstel et al.
2006a, b). These responses were significantly reduced by
intra-dIPAG injection of AEA, a cannabinoid receptor
agonist, or AM404, an AEA transport inhibitor. Previous
studies using animal models such as the EPM, Vogel con-
flict test, and chemical aversive stimulation have demon-
strated that the dIPAG plays an important role in anxiety
modulation in rats (Molchanov and Guimaraes 2002;
Moreira et al. 2007; Matheus et al. 1994). Our results,
besides reinforcing the idea of an important role of dIPAG
on conditioned fear responses (Amorapanth et al. 1999),
also indicate that local endocannabinoid-mediated neuro-
transmission can modulate these responses.

The attenuation of fear responses by administration of
AEA and AM404 into the dIPAG agrees with the anxiolytic
effects observed after systemic administration of low doses
of A9-tetrahydrocannabinol (the major psychoactive com-
ponent of the Cannabis sativa), synthetic cannabinoids, or
AM404 in rodents (Berrendero and Maldonado 2002; Patel
and Hillard 2006; Bortolato et al. 2006). The anxiolytic
effect of the latter compound is paralleled by an increase in
AEA concentrations in the CNS (Bortolato et al. 2000;
Kathuria et al. 2003), suggesting the involvement of this
endocannabinoid. These results agree with the anti-aversive
effects induced by intra-dorsal PAG injection of the CB1
receptor agonist HU210 in a model of chemically induced
aversive response (Finn et al. 2003). Thus, our study
reinforces the potential role of dIPAG as an important site
for the anxiolytic action of cannabinoids.

AEA exerts most of its actions in the CNS via the
CBlcannabinoid receptor (Matsuda et al. 1990; Rinaldi-
Carmona et al. 1994). Thus, to verify if these receptors
were involved in AEA and AM404 effects on fear-
conditioned responses, AM251, a selective CB1 receptor
antagonist, was used. The observation that the decrease in
freezing and cardiovascular responses induced by dIPAG
microinjection of AEA or AM404 was inhibited by
pretreatment with AM251 reinforces the idea of the
involvement of CB1 receptors on these effects (Chhatwal
et al. 2005) and agrees with their proposed involvement in
anxiety modulation (Bortolato et al. 2006; Kathuria et al.
2003; Patel and Hillard 2006).

Previous results from our laboratory (Moreira et al.
2007) showed that administration of AEA into the dIPAG
induced anxiolytic-like effects in the EPM, which were
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Fig. 3 a Time-course of the effects of unilateral microinjections of
200 nl vehicle + vehicle (veh, n = 7 per group), vehicle + AEA (5 pmol,
n = 6), vehicle + AM404 (50 pmol, n = 6), AM251 + vehicle (n = 6),
AM251 (100 pmol) + AEA (n = 6), and AM251 + AM404 (n = 6) in
mean arterial pressure (AMAP) and heart rate (AHR). Symbols
represent the means and bars the SEM. Asterisk indicates significant
treatment difference (p < 0.05) over the whole footshock chamber

prevented by AM251. AM404, however, was ineffective by
itself, whereas in the present study, this drug was able to
attenuate fear-conditioned responses. Although at the
moment it is only possible to speculate about the reasons
for this difference, local PAG endocannabinoid system may

exposure period compared to all other groups. b Representative
individual recordings of pulsatile arterial pressure (P4P), mean arterial
pressure (MAP), and heart rate (HR) showing the cardiovascular
alterations evoked by re-exposure to context in conditioned rats treated
with vehicle + vehicle, vehicle + AEA, or AM251 + AEA. Arrows
indicate the start of the re-exposure

be particularly engaged when animals are confronted with
more intense aversive stimulus such as re-exposure to a
fear-conditioned context, as compared to the EPM. Actu-
ally, whereas electrical footshocks have already been shown
to increase AEA levels in the PAG (Hohmann et al. 2005),
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Fig. 4 a Lack of effect in the percentage of time spent in freezing
behavior of unilateral microinjection of 200 nl AEA (5 pmol/200 nl)
or AM404 (50 pmol/200nl) into the following dIPAG surrounding
structures: dorsomedial PAG (dmPAG, n=3 per group), lateral PAG
(IPAG, n=3 per group) and superior colliculus (SC, n=3—4 per group).
Animals were compared to those injected with vehicle into the dIPAG
(n=7). Columns represent the means and bars the SEM. b Time-
course of the effects in the mean arterial pressure (AMAP) and heart
rate (AHR) of unilateral microinjection of 200 nl AEA (5 pmol/200nl)

or AM404 (50 pmol/200nl) into the following dIPAG surrounding
structures: dorsomedial PAG (dmPAG, n=3 per group), lateral PAG
(IPAG, n=3 per group) and superior colliculus (SC, n=3—4 per group).
Animals were compared to those injected with vehicle into the dIPAG
(n=17). Symbols represent the means and bars the SEM. ¢ diagram-
matic representation based on the rat brain atlas of Paxinos and
Watson (1997) indicating injections sites of AEA or AM404 into the
dmPAG, IPAG, and SC of conditioned animals
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exposure to chronic mild stress failed to change these levels
in several CNS regions, including the midbrain (Bortolato
et al. 2007).

AM251, at the dose (100 pmol) that blocked the effects
of exogenously administered AEA, failed to induce any
change in the EPM (Moreira et al. 2007). This lack of
AM251 effect was confirmed in the present study, even
using with a higher dose (300 pmol). This result suggests
that, under our experimental conditions, endogenous AEA
does not play a significant tonic inhibitory role in the
dIPAG.

Cannabinoid receptors are able to decrease neurotrans-
mitter release (Gill et al. 1970). In the PAG, cannabinoid
agonists inhibit glutamatergic synaptic transmission
(Vaughan et al. 2000). Moreover, the inhibition of gluta-
matergic synaptic transmission in the PAG by the cannabi-
noid agonist WINS55,212-2 is reversed by the CB1-specific
antagonist SR141716, indicating that it is mediated by
activation of these receptors (Rinaldi-Carmona et al. 1994).
Several studies have shown that antagonism of glutamate-
mediated neurotransmission in the dIPAG produces anxio-
lytic responses in distinct animal models (Guimarées et al.
1991; Matheus et al. 1994; de Oliveira et al. 2001;
Molchanov and Guimaraes 2002). Direct administration of
excitatory amino acids into this region, on the other hand,
evokes intense defensive reactions (Bandler and Carrive
1988). Together, these pieces of evidence suggest that AEA
and AM404 may be attenuating the expression of fear-
conditioned responses by reducing glutamate release in the
PAG due to CB1 receptor activation.

In conclusion, the present results indicate that facilitation
of endocannabinoid-mediated neurotransmission in the
dIPAG, through activation of local CBI1 receptors, attenu-
ates the expression of contextual fear responses.
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