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Abstract The endocannabinoid system has emerged as a
versatile neuromodulatory system, implicated in a plethora
of physiological and pathophysiological processes. Canna-
binoid receptor type 1 (CBI1 receptor) and endocannabi-
noids are widely distributed in the brain. Their roles in
learning and memory have been well documented, using
rodents in various memory tests. Depending on the test, the
endocannabinoid system is required in the acquisition and/
or extinction of memory. In particular, the activation of
CBI1 receptor-mediated signaling is centrally involved in
the facilitation of behavioral adaptation after the acquisition
of aversive memories. As several human psychiatric
disorders, such as phobia, generalized anxiety disorders,
and posttraumatic stress disorder (PTSD) appear to involve
aberrant memory processing and impaired adaptation to
changed environmental conditions, the hope has been
fuelled that the endocannabinoid system might be a
valuable therapeutic target for the treatment of these
disorders. This review summarizes the current data on the
role of the endocannabinoid system in the modulation of
extinction learning.
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Introduction

Endocannabinoids are lipid-signaling molecules belonging
to the class of eicosanoides. During the last 15 years,
remarkable insights into the roles of this signaling system in
numerous physiological and pathophysiological processes
have been gained [1-9]. A vast literature exists regarding
the memory-impairing effects in animals and humans after
treatment with A°-tetrahydrocannabinol (THC), the major
psychoactive component in extracts from Cannabis sativa
[10-13]. Recent investigations gave new insights into the
impairing effect of THC in hippocampal-dependent mem-
ory. THC treatment in rat leads to a decrease in the power
of hippocampal oscillatory processes, suggesting that THC
interferes with the temporal synchrony of neuronal net-
works [14]. The constituents of the endocannabinoid
system (ECS), consisting of cannabinoid receptors, endo-
cannabinoids, and enzymatic machinery for the synthesis
and degradation of endocannabinoids, are abundantly
expressed in all the major brain regions which are involved
in learning and memory, including hippocampus, amygdala,
cerebral cortex, striatum, and cerebellum [15-18]. The
discovery of the ECS asked for clarifying the endogenous
roles of this novel neuromodulatory system in memory
processing. Detailed insight has been obtained using mice
with genetic alterations in the ECS. Particularly fruitful has
been the analysis of mutant mice lacking the cannabinoid
receptor type 1 (CB1 receptor) [19-23], as CB1 receptors
are involved in several processes modulating neuronal
activities [24, 25], while the cannabinoid receptor type 2
(CB2 receptor) is mainly involved in immune responses
[26]. Additional understanding was gained by the analysis
of mice deficient for the anandamide degrading enzyme
fatty acid amide hydrolase (FAAH) [27], and the transient
receptor potential vanilloid type 1 (TRPV1) ion channel
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[28], which is activated by the endocannabinoid ananda-
mide. Pharmacological treatments of mice and rats with
antagonists or inhibitors targeting constituents of the ECS
have also been instrumental in these investigations [3], in
particular, CB1 receptor antagonists [29-31], inhibitors for
FAAH [32], and inhibitors for the endocannabinoid
membrane transporter [33-35].

Endocannabinoids and the Acquisition of Memory

A broad spectrum of behavioral assays has been employed,
each of them addressing various phases of memory process-
ing (i.e., acquisition/consolidation and extinction/reconsoli-
dation) and several different types of memories (i.e.,
declarative/spatial, emotional, and operant/habitual learning)
[36]. Since the treatment of humans and rodents with
exogenous cannabinoid receptor agonist mostly leads to
impairments in the acquisition of memory, it was evident to
ask whether or not blockade of CBI1 receptors would
enhance memory acquisition. Indeed, CB1 receptor-deficient
mice display increased memory performance in certain
behavioral tasks, specifically in object recognition [37, 38],
active avoidance [39], and partner recognition [40].
Remarkably, Bilkei-Gorzo et al. [40] showed that the
enhanced memory performance in CBI-deficient mice is
age-dependent, being superior in young age, but inferior in
old age as compared to wild-type control mice. This age-
dependent decline in performance is possibly caused by
neurodegenerative processes in the hippocampus, as it is
proposed that the ECS contains a general neuroprotective
function in the brain [41, 42]. Studies using the CBI1
antagonist SR141716 (also called rimonabant) showed
increased memory performance in juvenile recognition
[43], and radial maze [44, 45]. However, memory-enhanc-
ing effects were not observed in several operant paradigms
[46—48], and in trace eye-blink conditioning, which is
known to depend on hippocampal function [49]. Unexpect-
edly, FAAH-deficient mice also display an accelerated
acquisition in the water maze task, although the animals
contain much increased endocannabinoid levels [50]. These
increased levels would rather be expected to evoke an
inhibition of memory acquisition. Therefore, the life-long
elevated anandamide levels in this mutant mouse line
possibly caused compensatory processes, leading finally to
increased memory acquisition. Furthermore, CB1 receptor-
deficient mice in the outbred strain CD1 [20] were reported
to lack conditioned fear response in the fear conditioning
test [51]. This latter observation is not in line with the
results obtained with CB1 receptor-deficient mice in the
inbred strain C57BL/6N [21] and needs further investiga-
tions. Reduced conditioned fear was reported in mice
lacking TRPV1 ion channel [52], a receptor that is also

activated by the endocannabinoid anandamide. Thus, it will
be interesting to further understand the functional relation
of the fear-promoting signaling via TRPV1 ion channel and
the fear-alleviating signaling via CB1 receptors.

CB1 Receptors in Fear Extinction

The involvement of the ECS in the modulation of fear
memories will be discussed below in detail, as there are
several similarities linking the expression of fear and anxiety
in humans that suffer from phobia, posttraumatic stress
disorder (PTSD), and other anxiety disorders, to the
expression of conditioned fear in animals [53, 54]. Under-
standing the mechanisms underlying fear extinction may
lead to novel therapeutic concepts for the treatment of these
disorders. In fact, the involvement of the ECS in these
processes suggests that the ECS is a promising target system.

Fear Conditioning Paradigm

The paradigm of fear conditioning has been widely used to
investigate the acquisition, consolidation, reconsolidation,
and extinction of fear memory [55-59]. Different experi-
mental designs are used. In background contextual fear
conditioning, mice or rats receive a tone that is per se
innocuous (e.g., 9 kHz at 80 dB for 20 s to 1 min). The tone
co-terminates with a mild electric shock (about 0.5 to
1.0 mA for 1-2 s) delivered through the foot grid. This will
induce an association of the tone with the shock, but also of
the context (i.e., the conditioning chamber) with the shock.
The strength and persistence of these associations can be
evaluated in subsequent tests. In the version of the cued fear
conditioning test, the tone alone is presented in a novel
context (i.e., a cage of different shape, bedding, and other
features). The first tone-alone exposure induces a condi-
tioned response, which is quantified as the percentage of
freezing behavior (i.e., no motion except of breathing) as
normalized to the total duration of the tone presentation. As
the animals expect a shock when the tone is presented, they
freeze very strongly by only hearing the tone. The first non-
reinforced exposure to the conditioned stimulus (i.e., to the
tone) when performed after about 24 h will evaluate the
acquisition and consolidation of fear memory. But at the same
time, this non-reinforced presentation of the tone will initiate
a process called extinction. The conditioned reaction (i.e.,
freezing) will start to gradually decrease. The freezing
response can be further decreased by repetitive tone
presentations. This is an adaptive reaction of the organism
and is relevant for survival to adjust to new environmental
situations [60—62]. In variation to this experimental design,
it is also possible to present a light instead of a tone as a
conditioned stimulus. In parallel, a contextual fear condi-
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tioning test can be performed. Animals are placed into the
conditioning chamber where they received the foot shock.
Also in this experimental set-up, acquisition, consolidation,
and extinction can be tested. In variance to the background
contextual fear conditioning as described above, the
foreground fear conditioning paradigm is also often per-
formed. Here, during conditioning, a shock is paired only
with the context without tone or light.

Different neuronal circuitries and brain regions are
involved in these different tasks. Acquisition in cued fear
conditioning involves in particular the amygdala, while
acquisition in contextual fear conditioning involves both
hippocampus and amygdala, although the brain regions and
mechanisms involved in fear conditioning have become
increasingly multifaceted [56]. The brain regions involved
in extinction are still under investigations, but apart from
amygdala and hippocampus, the prefrontal cortex is shown
to be very important [63, 64].

During the recent years, research on extinction has
gained a lot of attention, as it is believed that in humans,
inappropriate extinction can contribute to disorders, such as
PTSD [65]. It is an important and life-saving ability of the
organism to adjust the behavior in an adequate manner after
aversive memories have been acquired. If there are changes
in the context, meaning, or relevance of previously acquired
fear memory traces, the organism should guarantee flexi-
bility in the behavioral reactions. Extinction is a behavioral
mechanism, contributing to a decrease of fear response.

CBI1 Receptor Signaling in the Extinction of Aversive
Memories

The behavioral paradigm of fear conditioning with the
possibility to investigate both acquisition and extinction
processes has turned out to be very instrumental in
obtaining novel insights into the physiological roles of the
ECS in memory processing. Marsicano et al. [21] analyzed
the behavioral changes in mice with a genetic deletion of
the CB1 receptor. Unexpectedly, CB1 receptor-deficient
mice showed normal acquisition and consolidation in the
fear conditioning task, but fear extinction was strongly
impaired. Impaired extinction was also observed when the
CBI receptor antagonist SR141716 was injected systemi-
cally into wild-type mice before the extinction trial,
indicating that CB1 receptors are required at the moment
of the extinction training, and supporting the notion that the
phenotypic changes observed in CB1 receptor-deficient
mice is not caused by developmental deficits, although the
ECS has recently been shown to be involved in various
processes in neural development [8, 66]. Further detailed
analysis also showed that the ECS is important for both the
extinction of fear within the extinction trial (i.e., short-term
extinction) and in the decrease of freezing from one to the

following extinction trial (i.e., long-term extinction). Fur-
thermore, extinction was not completely abolished in CB17/~
mice, as increasing the numbers of extinction trials eventu-
ally led to extinction to a level of freezing comparable to the
wild-type littermate controls. Several control experiments
were able to exclude the possibility that the impairment of
extinction might be caused by sensory-motor deficits or by
increased anxiety under the experimental conditions used. In
this study, the behavioral paradigm was designed in a
manner to focus on amygdala-dependent learning (i.e., cued
fear conditioning was applied). Thus, levels of endocanna-
binoids were determined in the amygdala immediately after
the first tone presentation (i.e., after the extinction trial) in
wild-type mice. It was found that both major endocannabi-
noids, anandamide, and 2-arachidonoyl glycerol, were strong-
ly increased in the amygdala compared to control groups [21],
indicating that the ECS is in fact activated in the amygdala at
the moment of extinction and consistent with the observation
that acute SR141716 treatment before the extinction trial
strongly impairs short-term extinction. Later investigations
showed that endocannabinoid levels were also increased in
the hippocampus [67], consistent with the notion of an
interplay between hippocampus and amygdala, as shown for
oscillatory processes during fear memory retrieval [68].
Further studies have to address in detail the involvement of
the ECS in the prefrontal cortex. In particular, the various
subregions of the prefrontal cortex, such as the infralimbic
and prelimbic cortex, must be considered as they play distinct
roles in the process of extinction [69, 70]. Thus, these regions
must be analyzed in follow-up studies, aiming at clarifying
the previous observations [21].

As the study described above [21] has been published,
the importance of CBI receptors in the extinction of
aversive memories has been substantiated by several groups
in different behavioral paradigms [71-80]. In the investi-
gation by Varvel and Lichtman [71], CB1 receptor-deficient
mice were analyzed in the water maze task. Mice had to
learn the location of an invisible escape platform in a small
water tank. Both wild-type controls and CBI1 receptor
mutant mice were able to find the platform after several
learning sessions with the same efficiency and accuracy.
However, in the so-called reversal test, in which the
position of the platform is placed into the opposite quadrant
of the water pool, CB1 receptor-deficient mice showed a
reduced capability to learn the change of position, and thus,
they more frequently kept on swimming to the previous
platform position. This reveals an impaired extinction of the
previously acquired memory and an impaired flexibility to
find the new position after the platform is changed. The
water maze task intends to test spatial memory; however, as
water is an uncommon, and thus, an aversive medium for
mice, it can be assumed that it evokes a certain degree of
stress. Thus, this assay monitors, in addition to the
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extinction of spatial memory, also the extinction of aversive
memory. Similar results were reported by Pamplona et al.
[79], using the recently developed CB1 receptor antagonist
SR147778 (1 mg/kg) [31] in the water maze task. After
Wistar rats were trained to find the submerged platform,
extinction trials were performed, in which the platform was
placed into the opposite quadrant. SR147778 treatment
before the extinction trial increased escape latency, i.e.,
decreased extinction. Another detailed study by Varvel et
al. [72] employed the water maze task. Mice of the strain
C57BL/6 acquired the memory to remember the quadrant
where the submerged platform was present. In the extinc-
tion trials, no platform was present, thus, the previously
learned behavior was not reinforced anymore. The authors
used two different extinction protocols. In the “spaced”
extinction protocol, when every 2—4 weeks, one extinction
trial of 1 min was performed without the presence of the
platform, CB1~"~ mice and SR141716-treated mice, respec-
tively, showed a clear impairment of extinction after five
extinction trials compared to control groups. In contrast, in
the “massed” extinction protocol, mice obtained four daily
2-min extinction trials over 5 days. Under this latter
condition, all groups showed the same extinction, and no
differences in the latency to get to the target quadrant were
seen between CBI1 receptor-deficient mice and control
mice, and no effect of SR141716 was observed when
applied before the extinction training. The reasons for these
differences have not been understood yet. The lack of
requirement of CBI receptor signaling during “massed”
extinction may point to the situation that under this intensive
and also stressful situation, the CB1 receptor-mediated
extinction process activated during the “spaced” extinction
protocol has been overridden by other, unknown mecha-
nisms. Clearly, it will be interesting to further understand the
mechanisms underlying these differences of “spaced” vs
“massed” extinction and the role of CB1 receptor function.
Suzuki et al. [74] investigated the role of CB1 receptors,
using the contextual fear conditioning task in C57BL/6
mice. Systemic application of SR141716 (1 to 10 mg/kg)
did not influence acquisition of fear memory. To differen-
tiate whether CB1 receptors are involved in reconsolidation
or extinction, mice were injected with SR141716, reex-
posed to the context for only 3 min, and freezing behavior
was monitored 24 h later in the same context in a drug-free
state. Blockade of CB1 receptor did not change freezing on
the reexposure test (with the presence of SR141716) nor on
the test day (drug-free). However, when the reexposure was
performed for 30 min in the presence of SR141716,
freezing during reexposure was not influenced, but on the
test day, 24 h later, freezing response was enhanced compared
to vehicle controls. Thus, CB1 receptors are involved in the
extinction of contextual fear memory, but not in reconsolida-
tion processes. Secondly, in this behavioral test, CBI1

receptors did not influence within-session extinction (i.e.,
short-term extinction), but had only affected long-term
extinction. This finding is consistent with the observations
by Pamplona et al. [79], who showed that freezing was not
significantly influenced by the CBI receptor antagonist
SR141716 during the first 9-min context exposure after
contextual fear conditioning, while SR141716 impaired fear
extinction during the second and third context exposure.
This apparent role of CB1 receptors in long-term extinction,
but not in short-term extinction in contextual fear condition-
ing task, is in contrast with the cued fear conditioning task
[21] and with the fear potentiated startle [73, 77]. In these
behavioral tests, both short- and long-term extinction was
reported to require CB1 receptor function.

To broaden the concept that CBI1 receptors are involved
in extinction of aversive memories, the passive avoidance
task was employed in C57BL/6J mice [80]. In an apparatus
with a free choice to enter the lit or the dark compartment,
mice received a shock in the dark compartment in the one-
trial training session. For the extinction learning, mice were
placed into the lit compartment and were then allowed to
enter the dark compartment, where they did not receive a
shock. After several sessions, the mice learned that the dark
compartment was not paired with a shock, and the latency to
enter this compartment decreased. Treatment with SR141716
before the extinction training increases the latency to enter
the dark compartment, thus, extinction was impaired.

An interesting behavioral paradigm was used by Shiflett
et al. [81]. Food-storing birds demonstrate remarkable
memory ability in recalling the locations of thousands of
hidden food caches. Intra-hippocampal infusions of the
CB1 receptor antagonist SR141716 enhanced long-term
memory for the location of a hidden food reward, as
measured 72 h after acquisition. However, when the
location of the food reward was changed after the
acquisition phase, birds that had received SR141716 during
initial learning showed impairments in recalling the most
recent reward location. Thus, blocking of CB1 receptor
function appears to lead to more robust, long-lasting
memories, but these memories reduced the flexibility and
adaptation of the organisms to change according to new
environmental conditions. This result resembles those
obtained from the water maze task in mice, where blockade
of CBI receptors affect the behavior in the reversal task.

Extinction in Appetitive Operant Learning Tasks

In the further explorations, it was asked whether or not CB1
receptors are only involved in the extinction of aversive
memory, or whether there is also a role in the extinction of
non-aversive memories. For this, a food-motivated task was
used [82]. Mice had to learn to poke into a hole at the
position of a flashing light to obtain a food reward. After
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numerous sessions, mice were able to learn this task. To
investigate the involvement of CB1 receptor in this task,
CB1™" mice and wild-type littermates were used. Due to
the fact that CB1 receptors are known to be involved in the
incentive behavior to search for food [83-85], CB1™ mice
had to be starved slightly more than the wild-type
littermates to obtain mice with a similar motivation to
search for food. Finally, both groups were able to poke into
the correct hole with a high accuracy. A retention test
1 week later showed similar performance in both groups;
thus, CB1 receptors are not involved in the consolidation of
this memory. The extinction test was performed similarly as
the acquisition phase. It was performed under slight food
restriction, and no food reward was given when the correct
hole was poked. This led to extinction of the behavior due
to the lack of reinforcement. Remarkably, no differences
were observed between the two genotypes. Thus, CBI1
receptors are not required in this appetitively motivated
behavior. Recently, this finding was supported by the study
of Niyuhire et al. [80]. C57BL/6J mice had to learn to press
a lever to obtain a sweetened milk reward. Mice were drug-
free during the acquisition of the task. Then, SR141716 was
injected before each extinction training, in which the
pressing of the lever did not lead to the milk reward. Thus,
the frequency of lever pressing gradually decreased. Block-
ade of CBI1 receptors did not change the rate of extinction,
being consistent with the results by Holter et al. [82].

Intracellular Signaling During Extinction

In a first attempt to understand intracellular signaling
systems that are dysregulated in CB1 receptor-deficient mice
and that might be involved in the extinction learning,
candidate protein kinases and phosphatases were investigat-
ed by analyzing distinct brain areas immediately after
extinction training by using Western blotting [76]. The cued
fear conditioning paradigm was used as described [21].
When samples were analyzed 30 min after extinction
training (i.e., tone presentation) and levels were compared
with no-tone control subjects, CB1 receptor-deficient mice
failed to show an increase of mitogen-activated protein
(MAP) kinase phosphorylation and of calcineurin protein in
the basolateral amygdala. Such an increase is, however,
observed in wild-type littermates. This is consistent with
previous findings that these biochemical changes are
required for fear extinction [86, 87], and they are defective
in CBI receptor-deficient mice, which are also impaired in
extinction.

Sensitization and Habituation-Like Processes

In the study by Kamprath et al. [67], the question was
posed as to whether or not the ECS is involved in non-

associative extinction processes, as it was previously shown
that freezing responses of conditioned mice to the tone are
determined by both associative and non-associative mem-
ory components [88]. To this end, a sensitization paradigm
was used. Sensitization is a non-associative learning
process, which is characterized by enhanced responsiveness
to potentially harmful stimuli, after the organism had
encountered a traumatic, stressful, or aversive event.
Sensitization was evoked by applying an inescapable foot
shock to mice. In the subsequent test sessions, mice were
exposed to a tone in a novel context. Although the tone was
innocuous before sensitization has occurred, the sensitized
mice show strong freezing. By using this paradigm, the role
of CBI receptors was investigated in detail, finally leading
to the conclusions that CBI1 receptors are involved
primarily in a habituation-like process and that they are
dispensable for associative safety learning. In safety
learning, animals form an association between the tone
and the non-appearance of the predicted punishment (i.c.,
foot shock), finally leading to a suppression of the tone-
shock association. This process is called extinction, as
discussed already above [60, 61]. In habituation-like
processes, in contrast, repeated non-reinforced tone pre-
sentations lead to a decrease in responsiveness to the tone
[89]. Regardless of the mechanistic and theoretical inter-
pretations [61] of the results obtained by Kamprath et al.
[67], the findings are very relevant per se. The role of the
ECS in the control of long-term extinction may have some
relation to the regulation of the stress axis, as several
studies identified a function of the ECS in the adaptation to
stress responses [90, 91], although some divergent results
exist [92]. Nevertheless, CB1 receptor deficiency can lead
to a hyperactivity of the hypothalamic-pituitary-adrenal axis
[90, 93, 94], and the ECS can mediate the habituation after
repeated restraint stress [95]. Altogether, these results
indicate that extinction of aversive memories via a
habituation-like process and the adaptation to stress
responses via the alleviation of the stress axis are, in part,
controlled by the ECS.

CB1 Receptors and the Enhancement of Fear
Adaptation

Starting from the clear and consistent results using CB1
receptor-deficient mice and CB1 receptor antagonists in
blocking fear extinction, it has become an interesting and
clinically relevant issue to ask whether or not a stimulation
of CBI receptor signaling in addition to the endogenous
signaling process during extinction training might be
beneficial and might be able to accelerate the extinction
rate. The results obtained so far from experiments in
rodents allow suggesting that in principle, it is possible to
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accelerate fear adaptation by additional CB1 receptor
stimulation. This is very promising for potential therapeutic
applications in humans. However, in contrast to the
experiments in which CB1 receptor function was blocked
by genetic or pharmacological tools, the alleviating effects
after CBI1 receptor stimulation have not been observed
consistently. Thus, further detailed studies are required to
understand under which circumstances exactly the benefi-
cial effects are achievable.

Pharmacological Studies

Chhatwal et al. [73] were the first to be able to substantiate
the concept of enhanced extinction. They investigated fear-
potentiated startle in male Sprague-Dawley rats. Systemic
application of AM404 (10 mg/kg), an inhibitor of endo-
cannabinoid membrane transport [33], before extinction
training facilitated the retention of extinction memory.
Treated rats showed decreased fear 1 and 24 h after
extinction training compared to controls. In addition,
AM404-treated animals displayed decreased shock-induced
reinstatement of fear. This latter observation is relevant as it
fuels the hope that extinction memory after AM404
application is more robust and less susceptible to resumed
stress and fear context than extinction without pharmaco-
logical treatment. The effect of AM404 was abolished when
the CB1 receptor antagonist SR141716 was co-applied,
indicating a CB1 receptor-dependent process. Control
experiments ruled out influences of AM404 on analgesia,
locomotion and expression of conditioned fear. The authors
also studied the effects of WIN 55-212,2 (5 mg/kg), a
potent CB1 receptor agonist. At this high dose, extinction
was not enhanced, but rather, the levels of conditioned fear
24 h after extinction training were slightly, but nonsignif-
icantly higher than in the vehicle controls.

Congruent results were found using an inhibitor of the
anandamide degrading enzyme fatty acid amide hydrolase
(FAAH), OL-135 [50]. In this study, male C57BL/6 mice
were trained in eight sessions in the water maze task using a
fixed hidden platform. After memory acquisition, four probe
trials without platform were performed in the water tank.
Extinction was monitored as a decrease of time spent in the
quadrant where the platform was previously present during
the acquisition phase. Indeed, the treatment with the FAAH
inhibitor OL-135 (30 mg/kg) 30 min before the extinction
trials was able to decrease the time spent in the former target
quadrant compared to vehicle controls, thus, showing that
OL-135 is able to enhance the rate of extinction. The effect
was clearly CB1 receptor-mediated, as the CBI1 antagonist
SR141716 blocked the effect of OL-135. THC in various
doses (from 0.1 to 10 mg/kg) failed to accelerate extinction.

A recent study by Pamplona et al. [79] was able to show
that WIN 55-212,2 at a low dose of 0.25 mg/kg, but not at

2.5 mg/kg, facilitated the extinction of contextual fear in the
fear conditioning task and spatial memory in the water
maze reversal task, using male Wistar rats. Extinction of
both recent (1-day old) and remote (30-day old) contextual
fear memory were facilitated by the CB1 receptor agonist,
an effect that was abolished by coadministration of the CB1
receptor antagonist SR141716. Several control experiments
underlined the specificity of the facilitated extinction by
WIN 55-212,2. The retrieval of contextual fear memory,
i.e., the freezing response to the context 1 day after fear
conditioning, was unaffected by the prior administration of
the CB1 receptor agonist. Furthermore, no apparent effects
on within-session extinction were observed. Unconditioned
freezing and locomotion were not changed by the beneficial
dose of 0.25 mg/kg WIN 55-212,2. This was the first report
showing enhanced extinction induced by a systemic
application of a CB1 receptor agonist before the extinction
trial. A treatment with THC, however, was not reported in
this study. THC would be therapeutically very interesting,
as it contains the approval for the use in humans. However,
WIN 55-212,2 and THC have a rather different pharmaco-
logical profile on cannabinoid receptors [3], and thus, it will
be interesting whether or not similar experiments as
published by Pamplona et al. can be repeated using THC.
In addition, such experiments should be repeated in mice.

A study by Lin et al. [78] addressed the effects of CB1
receptor activation on reconsolidation of fear memory.
Adult rats were used in the fear-potentiated startle test.
Rats were trained in the startle box and received ten light-
foot shock pairings. Twenty-four hours later, fear-potenti-
ated startle was tested in one short session (test 1). Within
1 h after this test, the CB1 receptor agonists HU210 or WIN
55-212,2 alone or in combination with the CB1 receptor
antagonist AM251 were injected bilaterally into the
amygdala. Rats were re-tested 1 day later (test 2),
addressing the question whether or not reconsolidation
was affected. In fact, injection of CB1 receptor agonists led
to an impairment of reconsolidation of the reactivated
memory in test 1, as measured by decreased freezing
behavior in test 2. In addition, CB1 receptor activation in
the amygdala also suppressed reinstatement and spontane-
ous recovery, two relevant features from the point of view
for the potential therapeutic applications of CB1 receptor
agonists. These effects were completely blocked by co-
application of CBI1 receptor agonists with AM251. Fur-
thermore, application of the CB1 receptor blocker AM251
alone had no effect on reconsolidation, suggesting an
involvement of exogenous, but not of endogenous canna-
binoids in the process of reconsolidation.

Altogether, these results by Lin et al. [78] are very
similar to a study using protein synthesis blocker immedi-
ately after memory reactivation [96], and it appears that the
CBI1 receptor agonists induce amnesia during the reactiva-
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tion of the memory (test 1). This is in contrast to the view
outlined above, arguing that CB1 receptors are involved in
the control of the extinction of aversive memories. Further
studies are required to address this issue. It might be the
case that depending on the experimental conditions,
activation of CB1 receptor by an exogenous agonist may
facilitate extinction or block reconsolidation.

Using the conditioned taste aversion (CTA) paradigm, a
recent study found [97] that CBI1 receptor activation by
injection of WIN 55,212-2 into the insular cortex inhibited
reconsolidation, but not extinction, while injection of the
CBI1 receptor antagonist SR141716 blocked extinction of
CTA, but not reconsolidation. The underlying mechanisms
have still to be elucidated, but clearly, the behavioral
paradigm of CTA offers the opportunity to detail the
differential roles of the ECS, CBI1 receptors and exogenous
cannabinoids in reconsolidation and extinction processes.

Oleamide, another bioactive lipid with similarities to
endocannabinoids, was shown to facilitate extinction of
aversive memory in male Wistar rats [98]. Rats were trained
in the passive avoidance test using a foot shock as
described above. They were injected immediately after
training systemically with oleamide (30 or 50 mg/kg).
Twenty-four hours later, inhibitory avoidance was tested. It
was found that in the first exposure, oleamide and vehicle
treated animals showed no differences in latency to enter
the compartment where the foot shock was delivered.
Further exposures without drug treatments revealed that
oleamide-treated rats extinguished the aversive memory
faster. Oleamide also reduced core body temperature and
showed analgesic effects in the tail flick test. The
underlying mechanisms are not clear, and further experi-
ments are clearly needed to answer several questions: Is the
effect oleamide CB1 receptor-mediated? What is the effect
of oleamide when injected before and after the extinction
trials, respectively?

An interesting study was reported by Parker et al. [99]
on the extinction of cocaine- and amphetamine-induced
conditioned place preference (CPP). In several sessions,
injection of cocaine and amphetamine, respectively, were
paired with one of the two distinctive floors of the CPP
apparatus. Place preference to the treatment-paired floor
compared to the non-treatment-paired floor has established.
In the extinction training without cocaine or amphetamine,
rats received either THC (0.5 mg/kg) or cannabidiol (5 mg/
kg) before the exposure to the CPP apparatus. Two days
later, animals were tested for the preference to the
treatment-paired floor. Rats treated with THC or cannabi-
diol showed decreased preference for the treatment-paired
floor compared to the vehicle-treated group. It is important
to note that the CB1 receptor antagonist SR141716 was not
able to abolish the effects of THC and cannabidiol,
suggesting a non-CB1 receptor-mediated signaling. Thus,

further studies will be needed to understand the underlying
mechanisms.

Genetic Studies

To date, the only way to genetically enhance the endocan-
nabinoid signaling was achieved by the generation of mice
deficient for FAAH, leading to 10 to 15 times increased
basal levels of anandamide [27]. These mice provide a
valuable tool for behavioral analyses. Consistent with the
results obtained by using the FAAH inhibitor OL-135 in the
water maze task, FAAH-deficient mice displayed an
enhanced extinction rate compared to wild-type control
mice in a C57BL/6 background [50].

Endocannabinoids, Synaptic Plasticity, and Extinction

Endocannabinoids and CB1 receptors have been shown to
mediate short-term and long-term modulatory processes in
synaptic transmission [24, 25]. In general, the activation of
the endocannabinoid system at the synapse leads to a short
or a sustained suppression of neurotransmitter release from
the presynapse. This modulation can occur at both
excitatory and inhibitory synapses in numerous brain
regions, including those that are centrally involved in
extinction of fear memories, i.e., in amygdala [21, 100,
101], hippocampus [101-104], and prefrontal areas [105].
However, the process of extinction involves a complex
neuronal circuitry [106], and it remains to be determined
which sites of CB1 receptor expression are centrally
involved in the CBI1 receptor-mediated extinction of fear
memories. Further studies using conditional CB1 receptor
knock-out mice [23] should help in elucidating these
questions.

Conclusion and Perspectives

The fear alleviating effects after application of drugs that
are able to enhance the signaling via CB1 receptors have
been shown in a few cases, but further detailed studies are
required, as the effects observed are not robust. Several
studies reported that CB1 receptor activation did not lead to
any effects or even to non-beneficial effects. This may be
caused by the fact that many parameters have to be
considered in these experiments, including differences in
the behavioral paradigms, route of drug application, dose of
drug, and species and strain differences in the behavioral
paradigms. In addition, the complexity of the mechanism
underlying the alleviation of fear memory may exceed
those involved in the acquisition of fear memories. The
mechanisms underlying the ECS-mediated extinction of
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aversive memories are not fully understood yet. Using
conditional mutagenesis [22, 23], the brain regions and
neuronal subpopulation involved in this process have to be
identified. The interrelation between the control of extinc-
tion and the regulation of the stress axis by the ECS should
be analyzed in detail [90, 91]. Finally, more accurate animal
models for human anxiety disorders, such as PTSD, must
be applied for these analyses [107].

Currently, there are no published data available from
studies in humans whether or not the therapeutic concept of
an increased activity of CB1 receptors could be beneficial
for humans suffering from generalized anxiety disorders,
phobia, or PTSD.
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