Review Article

Modulation of Fear and Anxiety by
the Endogenous Cannabinoid System

By Jasmeer P. Chhatwal, PhD, and Kerry J. Ressler, MD, PhD

ABSTRACT

The last decade has witnessed remarkable

progress in the understanding of the mam-
malian cannabinoid system, from the cloning
of the endogenous cannabinoid receptor to the
discovery of new pharmacologic compounds
acting on this receptor. Current and planned
studies in humans include compounds with
effects ranging from direct antagonists to inhib-
itors of reuptake and breakdown. This prog-
ress has been accompanied by a much greater
understanding of the role of the cannabinoid
system in modulating the neural circuitry that
mediates anxiety and fear responses. This
review focuses on the neural circuitry and
pharmacology of the cannabinoid system as
it relates to the acquisition, expression, and
extinction of conditioned fear as a model of
human anxiety. Preclinical studies suggest that
these may provide important emerging targets
for new treatments of anxiety disorders.
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INTRODUCTION

Pathologic feelings of fear and anxiety are
defining features of many devastating psychi-
atric illnesses, including posttraumatic stress

Current and planned studies in humans include eompounds that modulate the endog-

enous cannabinoid system, However, most clinicians are not yet aware of the prog-

ress in this field. This review focuses on the neural circuitry and pharmacology of the

cannahinoid system as it relates to the preclinical models of human anxiety,
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disorder and specific phobias, and are major con-
tributors to the morbidity associated with many
other common psychiatric illnesses, ranging from
depression to schizophrenia. As an important con-
tributor to such a wide variety of psychopathol-
ogy, the dysregulation of human fear constitutes
a major burden to public health and well-being.

With respect to pharmacologic strategies for
the treatment of anxiety, the most commonly
used drugs include selective serotonin reuptake
inhibitors (SSRIs)? as well as agents that act
to enhance the actions of y-aminobutyric acid
(GABA), usually through agonist-like activity at
central GABA, receptors.! Benzodiazepines and
barbiturates, which act to enhance GABAergic
neurotransmission, have been widely used
and are generally recognized to be effective at
reducing the expression of fear and anxiety in
treated humans as well as most animal mod-
els of anxiety. Indeed, many animal models of
anxiety are designed and validated using ben-
zodiazepine-mediated anxiolysis as a readout.
This being said, very little is known about the
effect of benzodiazepines on extinction, with
some research® suggesting that benzodiazepines
may even impair extinction of clinical fear. While
effective, available anxiolytics often engender
a number of undesirable side effects, including
impaired arousal, amnestic effects, tolerance,
dependence, and abuse liabilities.

Recently, a more detailed understanding of the
neural circuitry involved in the formation, expres-
sion, and experience-dependent inhibition of
mammalian fear responses has yielded a num-
ber of potentially useful therapeutic targets.®’ It is
hoped that new treatments aimed at these new
drug targets will allow the development of anx-
iolytics with fewer side effects. This review will
briefly discuss the literature examining the role
of the endocannabinoid system in the learning,
expression, and learned inhibition of the mam-
malian fear response. Furthermore, as agonists,
antagonists, and reuptake inhibitors of the endo-
cannabinoid neurotransmitter system are all being
pursued for clinical use,®'® we will briefly comment
on how currently available studies from the animal
literature may inform future clinical directions.

FEAR, ANXIETY, AND THE AMYGDALA

The neural mechanisms controlling fear and
anxiety have been intensively studied in labo-
ratory and clinical settings. These studies have
elucidated several structures within the limbic

Review Article

W

system as key players in the production of both
normal and pathologic fear, including the hip-
pocampus, prefrontal cortex, and the amygdala.
Among these structures, the amygdala has the
most well-established role in the production of
fear states in a variety of different animal spe-
cies, ranging from mice to humans.’"

The amygdala is an almond-shaped nuclear
structure located within the temporal lobe. It can
be subdivided into three major nuclei: the baso-
lateral nuclear complex, the central nucleus, and
the medial nucleus. Notably, these nuclei of the
amygdala can be differentiated on the basis of
their connectivity, the types of neurons they con-
tain, and, finally on their roles in the production of
behavioral states. Work in a variety of animal mod-
els has identified the central nucleus of the amyg-
dala (CeA) as the major output of the amygdalar
circuit, on the basis of its robust connectivity to
other brain regions involved in the production of
fear responses and on the basis of animal behav-
ior following lesions of the CeA."®" In contrast,
the basolateral complex of the amygdala (BLA)
seems to be critical component in the learning
of conditioned fear responses, and accordingly
receives a wide array of sensory input, both from
subcortical and cortical structures. From a behav-
ioral perspective, it has been widely observed'®®
that animals with lesions to the BLA (especially
dorsal lesions including the lateral nucleus) can
express fear normally, but have profound deficits
in learning new fear responses in a number of
different conditioning tasks. This has led to the
view that experience-dependent alterations in
the neural circuitry of the BLA allow an animal to
learn which sensory information should lead to
the production of a fear response.

More recent studies have implicated the BLA
in the extinction of a fear response through
the repeated presentation of the conditioned
stimulus in the absence of the unconditioned
stimulus in previously fear conditioned animals.
Additionally, these studies strongly suggest that
extinction learning, while it also seems to rely
on the BLA, is a form of learning that is distinct
and parallel to fear learning.?**

Organization of the Endocannabinoid
Neurotransmitter System

At the current time, there are two known can-
nabinoid receptor subtypes: cannabinoid-type
1 (CB1) receptor, which are widely expressed
throughout the peripheral and central nervous
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system (CNS), and cannabinoid-type 2 receptor
which show high levels of expression within the
immune and enteric nervous systems as wel| as
in glial cells of the CNS. Mounting evidence sug-
gests that a third cannabinoid receptor subtype
exists in the CNS.2% As the psychoactive effects
of cannabinoid receptor activation have been
attributed to centrally expressed receptors, and
given that the vast majority of cannabinoid-type
2 receptor expression seems to be in the immune
and enteric systems, we will focus largely on the
centrally expressed CB1 receptor.

The CB1 receptor is a member of a large family
of G-protein coupled receptors containing seven
membrane~spanning domains. The CB] receptor
is coupled to the G-proteins, Gi/o, and activation
of the receptor leads to the activation of a diverse
array of intracellular signals, which can vary by
cell type. In the cerebellum, hippocampus, cortex,
amygdala, and virtually every other brain region
studied, the majority of neuronal CB1 receptors
appear to be expressed pre-synaptically. Here,
they are thought to be activated by retrograde
transmission of endogenous cannabinoids (eCBs)
from the postsynaptic site (Figure 1).

In addition to being retrograde neurotransmit-
ters, eCBs differ from conventional neurotrans-
mitters in a number of important ways. Unlike
most neurotransmitters, eCBs seem to be pro-
duced on-demand (rather than stored in vesi-
cles), by chemical modification of pre-existing
lipid molecules. In accordance with their extreme
lipophilicity, it is presumed that once produced,
eCB neurotransmitters can freely cross the cell-
membrane to activate their pre-synaptic recep-
tors, rather than requiring the calcium-dependent
docking and release machinery common to most
classical neurotransmitters.

While the exact nature of the chemical signal
that causes neurons and glia to produce eCBs
is not known, there appears to be some con-
sensus that increases in neural activity prompt
the production of eCBs. Although more work
is necessary, it seems that local increases in
intracellular calcium concentrations within the
synaptic bouton may be a likely mediator of
this effect,?527 and the activity of several key
enzymes required for eCB synthesis are posi-
tively regulated by increasing intracellular cal-
cium concentrations.?82 |t js thought that these
increases in calcium may be a result of mus-
carinic acetylcholine receptor or metabotropic
glutamate receptor activation.3-32
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While a variety of eCB-like substances have
been identified, two major classes of endocan-
nabinoids, with distinct synthetic and degrada-
tive pathways have thus far been identified. 3335
The first class is exemplified by anandamide (the
first eCB identified), which is thought to be
formed by a calcium-sensitive, phospholipase
D dependent hydrolysis of N-arachidonoyl phos-
phatidyl ethanolamine. Degradation of anan-
damide and related eCBs are thought to be
mediated largely by the enzyme fatty acid amide
hydrolase (FAAH). In contrast, 2-arachidonoyl
glycerol (2-AG) is synthesized via phospholipase
C-mediated hydrolysis of phosphatidylinositol,
and can serve as a precursor to the synthesis of
other lipid signaling molecules, in addition to
serving as a neurotransmitter. While both anan-
damide and 2-AG are substrates for an as yet un-
cloned endocannabinoid membrane transporter,

—
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Increased intracellular calcium in the postsynaptic bouton is thought to be a
major signal for the production of endocannabinoid transmitters lanandamide
and 2-AG are shown), The mechanisms by which these local increases are
mediated may vary by cell type and may involve NMDA receptors, mGIuRs,
mAChRs as well as G-protein induced increases in calcium release from
intracellular stores. Reuptake and degradation of anandamide is thought to
be a coupled process of ransport across the membrane by the EMT, and
degradation by FAAH, which degrades anandamide and related eCBs, antl/or
MAG lipase, which degrades 2-AG and related eCBs, Once th 8y are produced
in the postsynaptic cell, eCBs are thought to diffuse in & retrograde fashion
1o activate pre-synaptic CB1 recentors. Activation of CB1 receptors leads to
decreases in transmitter release from the pre-synaptic terminal, by decreas-
ing calcium influx through voltage-gated calcium channels, and by increasing
inwardly—recﬁfyfng potassium currents. Sevaral pharmacologic manipulators
of eCB transmission are noted; including the CB1 agonists WIN 55,212-2 and
HU-210, the CB1 antagonists rimonabant and AMZ51, and two inhibitors of
eCB reuptake and/or breakdown {AM404 and URB547),

mAChRs=muscarinic acetylcholine receptors; mGluRs=metabotropic glu-
tamate receptors; eCB=endogenous cannabinoid; CBl:cannabinoid-t\rpE
1; EMT=endocannabinoid membrane transporter; FAAH=fatty acid amide
hydrolase; MAG:mcnuacyI‘-g!ycercl; 2-AG=2-arachidonoy| glycerol;
NMDA:N—meIh\ri-u-aspar{e.
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2-AG degradation seems to be largely dependent
on monoacylglycerol lipase), and not FAAH.*

Once activated, the CB1 receptor leads to
a decrease in the excitability of the pre-synap-
tic terminal in at least three ways, including the
closure of calcium (N- and P/Q type) channels,
increases in G-protein coupled inwardly rectify-
ing potassium currents, and decreases in cyclic
adenosine monophosphate-dependent sodium
conductance. Together, these mechanisms are
thought to indicate that CB1 receptor activation
leads to decreases in neurotransmitter release
from the pre-synaptic terminal.?”*® CB1 recep-
tor activation is thought to be critical for several
forms of synaptic plasticity, including long-term
depression and depolarization-induced suppres-
sion of excitation and inhibition.

Endocannabinoids and Memory

8-9 tetrahydrocannabinol, the main psychoac-
tive substance in marijuana, and a potent, natu-
rally occurring CB1 receptor agonist,* is among
the most widely used illicit drugs in human
history. In addition to its ostensible euphoric
effects, human marijuana use has been linked to
a staggering array of behavioral effects, ranging
from impairments of motor function to impul-
sivity to panicogenisis.*®*

There exists a large and somewhat inconsis-
tent literature linking CB1 agonist administration
to deficits in memory formation. Without going
into any appreciable detail on the controversies in
the human literature, there appears to be general
consensus that acute and chronic CB1 agonist
exposure can lead to profound memory deficits,
especially in tasks involving trace-conditioning
or short-term declarative memory tasks (ie, tasks
that require short-term working memory*4®).

Studies of learning and memory in laboratory
animals have generally suggested similar memory
deficits in rodents, with a number of studies show-
ing that CB1 agonists can impair performance in
several hippocampal- and prefrontal cortex-depen-
dent learning tasks, including non-match to sample
tasks,"* the radial-arm maze,*® and the Morris-
Water maze.®"*2 |t has also been reported® that
pre-training administration WIN 55,212-2, a potent,
synthetic CB1 agonist, leads to profound deficits
in the acquisition of contextual fear in rodents.
Importantly, the authors of this same study also
demonstrated CB1 agonist administration did
not disrupt the formation of cued fear condition-
ing. Accordingly, although a great deal of work
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remains to be done, it is tempting to speculate
that CB1 agonists are more disruptive in hippo-
campal and prefrontal cortex-dependent memory
tasks, as opposed to amygdala-dependent tasks.
More broadly, it may be the case that the neural
processes underlying emotional memory forma-
tion (such as fear and extinction memories) and
non-emotional memories are differentially sensi-
tive to cannabinoid receptor activation.

Cannabinoids and Generalized Anxiety

Low doses of CB1 agonists, including both
natural (ie, -9 tetrahydrocannabinol in cannabis
sativa) and synthetic cannabinoids, have gener-
ally been observed as anxiolytic in various ani-
mal models of anxiety; however, higher doses
of CB1 agonists have often been observed to be
anxiogenic, with both findings appearing to be
superficially consistent with the anecdotal his-
tory growing from human cannabis abuse®®*2*
Additionally, recent data from human studies of
depression suggest that the endocannabinoid
system may be involved in this common disor-
der that is often comorbid with anxiety,”® and
CB1 antagonists are being explored as a poten-
tial treatment for depression.”

While it is not uncommon for a drug to have
this sort of a biphasic response curve with
respect to a complex behavioral state, such as
anxiety, mounting evidence suggests that both
endogenous and exogenous cannabinoid ago-
nists also have a complex interaction with the
steady-state levels of stress experienced by the
organism.® In this context, determination of a
dose-response curve across multiple experimen-
tal paradigms is made more difficult, as identifi-
cation of a “high” or “low” dose may depend on
numerous experimental vagaries, such as which
test is used, how the animals were handled prior
to testing, and the extent to which the experi-
menter and behavioral apparatus are novel.

Studies emerging from the study of CB1
knockout mice generally suggest that disruption
of eCB signaling leads to an anxiogenic pheno-
type (Table 1). Consistent with this, CB1 knockout
mice show anxiogenic responses in the open-
field test, light/dark box, social-interaction test,
and elevated plus-maze.®®*%' Similar results have
been acquired using pharmacologic antagonists
of the CB1-receptor, suggesting that the anxiety
phenotype seen in CB1 knockouts is unlikely due
to developmental consequences.'® Notably, how-
ever, increased anxiety has more consistently
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been seen with the more selective CB1 antago-
nist AM251, as opposed to the more commonly
used CB1 antagonist rimonabant (compare Haller
and colleagues®' and Haller and colleagues™).

Perhaps most intriguing from a therapeutic
perspective, several recent reports suggest that
prolonging the half-life of released endocannabi-
noids leads to anxiolysis in several rodent models.
The first drug of this type to be studied in detail is
AM404, which has been shown to be an inhibitor of
both cannabinoid re-uptake through the endocan-
nabinoid membrane transporter and the subsequent
degradation of eCBs by FAAH. Systemic administra-
tion of AM404 to rats has been shown to increase
levels of anandamide (but not 2-AG) in several brain
regions and decrease numerous measures of anxi-
ety in animal models, including decreased anxiety
behavior in the defensive withdrawal test and the
elevated-plus maze." Notably, similar reductions in
anxiety were seen with two, more selective inhibi-
tors of FAAH (URB532 and URB597),"* indicating
that prolonging the activity of released anandamide
may be a therapeutically useful goal in the treat-
ment of anxiety. Coupled with their effects on basal
anxiety, studies from our research group suggest
that enhancing cannabinoid neurotransmission
may also be useful adjuncts to the learned inhibi-
tion of fear (extinction), as we will discuss in some
detail later in this article.5
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Cannabinoids and Conditioned Fear

In addition to modulating basal anxiety
states, recent evidence suggests that activation
of cannabinoid receptors may play an important
role in evoked stress responses. Conditioned
fear, which is induced by pairing a neutral,
conditioned stimulus (eg, a light, a tone, or a
context) with an aversive stimulus (eg, a mild
footshock or air blast), is an archetypal exam-
ple of an evoked fear state, as presentation of
the conditioned stimulus following pairing with
an aversive stimulus leads to the production
of a measurable fear response. These evoked
fear responses have been used extensively in
animal models to better understand both the
mechanisms by which aversive memories are
formed, and to model diseases such as post-
traumatic stress disorder (PTSD) and specific
phobia, where inciting cues lead to the produc-
tion of pathologic fear states.

The process of contextual fear conditioning
involves the pairing of a neutral training chamber
(contextual conditioned stimulus ) with an aver-
sive, unconditioned stimulus (eg, a footshock),
and the expression of contextual fear appears to
be particularly susceptible to cannabinoid modu-
lation. Like other learning processes, the forma-
tion fear memories (both cued and contextual)
involves an initial, acquisition phase, where the

-

TABLE 1.

Authors (Year)

Rodriguez de Fonseca et al
(1996)%

Reich et al (2005)%

CB1 agonist

CB1 antagonist

The Effect of eCB Modulators on Animal Models of Anxiety
Manipulation/Drug Type

Drug Name Behavioral Paradigm  Observation

Haller et al (2002, 2004)10.5!
Marsicano et al (2002)
Haller et al (2002, 2004)1%.%
Martin et al (2002)¢5
Chhatwal et al (2005)%
Bortolato et al (2006)"
Bortolato et al (2006)"
Bortolato et al (2006)"
Bortolato et al (2006)"
Kathuria et al (2003)"

 o—

CB1 antagonist

CB1 gene knockout

CB1 gene knockout

CB1 gene knockout

FAAH & reuptake inhibitor
FAAH & reuptake inhibitor
FAAH & reuptake inhibitor
FAAH & reuptake inhibitor
FAAH & reuptake inhibitor
FAAH inhibitor

HU-210 Defensive withdrawal  Increased anxiety
AM251 Baseline freezing Increased anxiety
AM251 Elevated plus-maze Increased anxiety
N/A Elevated plus-maze No effect

N/A Elevated plus-maze Increased anxiety
N/A Light-dark box Increased anxiety
AM404 Baseline startle No effect

AM404 Baseline startle No effect

AM404 Defensive withdrawal ~ Decreased anxiety
AM404 Elevated plus-maze Decreased anxiety
AM404 Ultrasonic vocalization Decreased anxiety
URB597 Elevated plus-maze Decreased anxiety

eCB=endogenous cannabinoid; CB1=cannahinoid-type 1; FAAH=fatty acid amide hydrolase; N/A=not available.
Chhatwal JP, Ressler KJ. NS Speetr. Vol 12, No 3. 2007
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animal learns to behavioral contingency between
the conditioned stimulus and unconditioned
stimulus, and a later, consolidation phase, where
the nascent memory becomes more stable and
is stored in a manner that allows for long-term
memory retrieval.

Recent evidence suggests that manipulat-
ing cannabinoid neurotransmission can have
effects on the acquisition and expression (but
not the consolidation) of contextual fear condi-
tioning (Table 2). Haller and colleagues® have
demonstrated that decreasing CB1-receptor
activation through CB1 antagonist administra-
tion leads to decreases in the expression of
contextual fear conditioning, while adminis-
tration of CB1 agonists enhanced fear expres-
sion. In the same study, these authors also
established that the knockout of the gene for
the CB1 receptor also led to decreases in the
expression of conditioned contextual fear, and
to impairments in the initial acquisition of con-
textual fear responses. These results agreed
with another recent study, in which it was
observed that the administration of the CB1
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antagonist AM251 also decreased the acquisi-
tion of contextual fear conditioning.® However,
while these studies suggest that increasing CB1
receptor activation leads to increases in fear
acquisition and expression (and vice versa),
some controversy still exists.

Contrasting with contextual conditioning,
which seems to require both the amygdala and
hippocampus, the process of cued fear condi-
tioning seems to be largely mediated by the
amygdala (ie, cued conditioning appears to
be largely hippocampally independent). While
there have been few direct studies of endocan-
nabinoid modulation cued fear-conditioning,
currently available results® indicate that admin-
istration of CB1 antagonists or gene knockout of
the CB1 gene do not lead to alterations in cued
fear conditioning.

Taken together, these studies suggest decreas-
ing the activation of CB1 receptors may decrease
the expression of contextual fear memories,
while not having a prominent impact on the
learning or expression of amygdala-dependent
cued fear conditioning.

—_—

TABLE 2.
Authors (Year) Manipulation/Drug Type
Mikics et al (2006)°" CB1 agonist
Pamplona & Takahashi (2006)** CB1 agonist
Pamplona & Takahashi (2006)* CB1 agonist

Mikics et al (2006)" CB1 antagonist

Arenos et al (2006)* CB1 antagonist

Arenos et al (2006)% CB1 antagonist

Marsicano et al (2002)* CB1 antagonist

The Effect of eCB Modulators on the Acquisition and Expression of Conditioned Fear

Drug Name Behavioral Paradigm  Observation

WIN Contextual fear Increased expression

55,212-2 conditioning of fear

WIN Contextual fear No expression effect

55,212-2 conditioning

WIN Contextual fear ‘Decreased fear

55,212-2 conditioning. learning

AM251 Contextual fear Decreased
conditioning expression of fear

AM251  Contextual fear Decreased
conditioning expression of fear

AM251 Contextual fear Decreased fear

Rimonabant Cued fear conditioning

conditioning learning

No acquisition effect

Martin et al (2002)% CB1 gene knockout N/A Active avoidance (after Increased avoidance
footshock)
Mikics et al (2006)% CB1 gene knockout N/A Contextual fear Decreased
‘conditioning acquisition of fear
Mikics et al (2006)% CB1 gene knockout N/A Contextual fear Decreased
conditioning acquisition of fear
Marsicano et al (2002)* CB1 gene knockout N/A Cued fear conditioning  No acquisition effect
eCB=endogenous cannabinoid; CB1=cannabinoid-type 1; N/A=not applicable.
{ Chhatwal JP, Ressler KJ. CNS Spectr. Vol 12, No 3. 2007,
CNS Spectr 12:3 216 March 2007

e —




Cannabinoids and the Extinction of
Conditioned Fear

Extinction is a clinically relevant learning pro-
cess by which an animal learns to inhibit a previ-
ously acquired fear response. Experimentally,
inducing extinction is usually accomplished by
repeated presentations of the feared cue or con-
text in the absence of the aversive unconditioned
stimulus used to generate the original fear mem-
ory. While we will not discuss these here, numer-
ous lines of evidence?' suggest that extinction
is a parallel and distinct form of learning than
the process by which the original fear memory
was formed. This evidence suggests that extinc-
tion is not simply an erasure of the original fear
memory, prompting the possibility that there may
be pharmacologic means by which the extinction
learning process can be favored over the learning
of undesirable, aversive associations.

From a clinical perspective, extinction rep-
resents a particularly interesting learning pro-
cess, as many of the most effective treatments
for PTSD, social phobia, specific phobias, and
addiction make use of behavioral exposure
therapy approaches, which ultimately seem
to rely on extinction-like processes. This has
lead to the suggestion that deficits in extinction
learning may lead to the emergence of psycho-
pathology following exposure to trauma, and
may contribute to the persistence of inappropri-
ate fear responses in a variety of different anxi-
ety disorders. Interestingly, recent pre-clinical
data suggests a possible mechanism by which
exposure to uncontrollable stressors may lead
to deficits in extinction learning.”

Consequently, the identification of pharmaco-
logic strategies to enhance extinction in animal
models may eventually be used in the treatment
of human fear and anxiety. Indeed, Walker and
colleagues’ recently identified D-cycloserine
(DCS), a partial agonist of the N-methyl-p-asparte
receptor, both as a pharmacologic means of
enhancing extinction learning in rodents and as
a means for enhancing the efficacy of behavioral
exposure therapy for the treatment of acropho-
bia in humans.” More recently, it has also been
shown that DCS is also an effective adjuvant to
exposure-based psychotherapy for social pho-
bia.”® Ongoing studies are examining its efficacy
in panic disorder, obsessive-compulsive disorder
and PTSD. Together the results so far suggest that
common mechanisms may underpin extinction of
many different types of emotional memories.”
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FIGURE 2.
Administration of an inhibitor of eCB
reuptake and breakdown enhances
extinction®®
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(A-C) CB1 mRNA expression is very high within the BLA, which is thought
to be an important locus of associative emotional learning), with much
lower levels seen in the CeA and MeA. (D) Animals receiving 10 mg/kg
AM404 prior to extinction training show significantly reduced levels
of conditioned fear when tested drug-free. This suggests that AM404
administration enhances extinction learning, and facilitates the learned
inhibition of fear. (E) Following extinction, animals were tested for the resil-
ience of their extinction memories by presentation of a 0.4 mA footshock
(dashed line) in the absence of the light CS. While all animals showed
some re-emergence of fear following footshock, animals that received
AMA04 prior to extinction showed less fear than vehicle treated controls,
suggesting that, in addition to enhancing extinction, AM404 administration
may render extinction more resistant to shock-induced reinstatement, an
animal model of stress-induced relapse.

Chhatwal JP, Davis M, Maguschak KA, Ressler K. Enhancing canna-
binoid neuratransmission augments the extinction of conditioned fear,
Neurapsychoph ology. 2005;30:516-524. Reproduced with permission
by Nature Publishing Group. Copyright (2005),

* P<.05 compared with vehicle group.

CBl=cannabinoid-type 1; CeA=central nuclsi of the amyqgda-
la; BLA=basolateral amygdala; MeA=medial nuclei of the amyadala;
CS=conditioned stimulus.

Chhatwal JP, Ressler KJ. CNS Spectr: Vol 12, No 3. 2007,
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While the molecular mechanisms responsible
for extinction have not been delineated well, recent
studies® 557576 suggest that, despite many similari-
ties between the mechanisms of fear and extinction
learning, activation of the cannabinoid system may
be an important difference between these two forms
of learning (Table 3). Strikingly, Marsicano and col-
leagues® have elegantly shown that the antagonism
of CB1 signaling, either by genetic or pharmacologic
means, leads to profound deficits in extinction learn-
ing. This finding has since been replicated using sev-
eral training paradigms, and in several strains of
mice and in rats (Table 3), and firmly establishes that
CB1 receptor activation is required for the process
of extinction learning in rodents. Why CB1 activa-
tion seems to be involved with extinction (inhibition)
of fear and not acquisition or expression of fear®®®
remains unknown. One possibility is the selective
expression of CB1 receptors on specific cholecystoki-
nin interneurons may lead to a “directional” effect of
CB1 modulation on fear and anxiety.” Alternatively, it
is also possible that an optimal level of fear training
and testing has not been arrived at to detect a subtle
difference. Either way, it is clear that the learning
of extinction is more sensitive to CB1 antagonism
than the acquisition of fear. This CB1 dependency of
extinction in rodent models of fear extinction (along
with effects on generalized anxiety) suggests that
CB1 antagonists, such as rimonabant, which will
soon be available clinically, should be closely moni-
tored for anxiety- and extinction-related side effects.

Review Article

Conversely, this same CB1 dependency of
extinction suggests that there may be means of
manipulating the eCB system to increase extinc-
tion learning, and building on this notion, our
group has recently tested whether increasing CB1
receptor activation through pharmacologic means
would augment extinction in rodents. In initial stud-
ies, Chhatwal and colleagues® used pre-extinction
training administration of the synthetic CB1 ago-
nist WIN 55,212-2 to attempt to enhance extinc-
tion, but found that this treatment was ineffective
at altering learning. This led them to hypothesize
that administration of full agonists at the CB1 recep-
tor may lead to compensatory changes decreasing
the efficacy of CB1-mediated signaling and/or that
the CB1 receptor needed to be activated in a tem-
porally-specific way during extinction training. To
address these concerns, they next tested whether
AM404, a drug that should act to increase the effi-
cacy of released eCBs by decreasing their reuptake
and breakdown, may be able to enhance extinction.
Chhatwal and colleagues®® observed that AM404
given prior to extinction-training could enhance
learning in rodents, as evidenced by the observa-
tion that animals receiving AM404 prior to extinction
training showed less conditioned fear when tested
off-drug (Figure 2). Furthermore, they also observed
that animals who received AM404 prior to extinction
also seemed more resistant to shock-induced rein-
statement of fear, an animal model of stress-induced
relapse.®® Notably, AM404 and similar compounds

TABLE 3.
The Effect of eCB Modulators on the Extinction of Conditioned Fear
Manipulation/
Authors (Year) Drug Type Drug Name  Behavioral Paradigm Measure of Fear  Observation
Marsicano et al (2002)* CB1 gene N/A Extinction of conditioned  Conditioned Impairment of
knockout fear (cue) freezing extinction
Chhatwal et al (2005)*  CB1 agonist WIN 55,212-2  Extinction of conditioned ~ Fear-potentiated  No effect
fear (cue) startle
Suzuki et al (2004)7® CB1antagonist Rimonabant  Extinction of conditioned  Conditioned Impairment of
fear (context) freezing extinction
Marsicano et al (2002)* CB1antagonist Rimonabant  Extinction of conditioned  Conditioned Impairment of
fear (cue) freezing extinction
Chhatwal et al (2005)®  CB1antagonist Rimonabant  Extinction of conditioned ~ Fear-potentiated  Impairment of
fear (cue) startle extinction
Chhatwal et al (2005)*®  FAAH inhibitor, ~ AM404 Extinction of conditioned ~ Fear-potentiated  Enhancement
eCB reuptake fear (cue) startle of extinction
inhibitor
eCB=endogenous cannabinoid; CB1=cannahinoid-type 1; N/A=not applicable; FAAH=fatty acid amide hydrolase.
LEhhatwaI JP, Ressler KJ. CNS Spectr. Vol 12, No 3, 2007.
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(Table 1) have been shown to be anxiolytic, rais-
ing the intriguing possibility that enhancers of eCB
transmission may reduce the expression of fear and
anxiety. This is an interesting finding, since the learn-
ing and behavioral literature in general suggests
that agents that enhance extinction are often anx-
iogenic.”?78 Therefore, the anxiolytic nature of tran-
sient CB1 enhancers are especially attractive sense
they also potentially facilitate the learned inhibition
of fear proceeding through extinction-like processes,
and avoid the well-known amnesic side effects of
many currently available anxiolytics.

CONCLUSION

The last decade has witnessed an enormous
amount of progress in the understanding of the
molecular biology, physiology, pharmacology,
and behavioral neuroscience underlying the
endogenous cannabinoid system. These receptors
and their ligands have ubiquitous roles ranging
from appetite and pain response to modulation
of fear and anxiety. A burgeoning understanding
of their roles in regulating the extinction of fear
responses may lead to a particularly important
role in translation of the preclinical research to
novel treatments of anxiety disorders. CNS
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