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INTRODUCTION

Manipulation of the endogenous cannabinoid (eCB) system
has become a major focus of current research, especially in
the search for novel therapeutics to treat many common
mental illnesses, including anxiety disorders, depression,
and drug addiction (Porter and Felder, 2001; Kathuria et al,
2003). Indeed, the potential therapeutic value of cannabi-
noid modulation is underscored by the dense expression of
the CB1 receptor in regions known to be important for
anxiety and emotional learning, including the amygdala,
hippocampus, and throughout the mesolimbic dopamine
reward system (Katona et al, 1999, 2000, 2001; Freund et al,
2003; van der Stelt and Di Marzo, 2003).
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The endogenous cannabinoid (eCB) system represents a major therapeutic target for the treatment of a variety of anxiety-related
disorders. A recent study has demonstrated that pharmacologic or genetic disruption of CBl-receptor-mediated neurotransmission
decreases the extinction of conditioned fear in mice. Here, we examined whether CB| blockade would similarly disrupt extinction in rats,
using fear-potentiated startle as a measure of conditioned fear. We also examined whether pharmacologic enhancement of CBI
activation would lead to enhancements in extinction. Our results indicate that systemic administration of the CBI antagonist rimonabant
(SR141716A) prior to extinction training led to significant, dose-dependent decreases in extinction. While the administration of the CBI
agonist WIN 55,212-2 did not appear to affect extinction, administration of AM404, an inhibitor of eCB breakdown and reuptake, led to
dose-dependent enhancements in extinction. In addition to showing decreased fear | and 24 h after extinction training, AM404-treated
animals showed decreased shock-induced reinstatement of fear. Control experiments demonstrated that the effects of AM404 could not
be attributed to alterations in the expression of conditioned fear, locomotion, shock reactivity, or baseline startle, as these parameters
seemed unchanged by AM404. Furthermore, coadministration of rimonabant with AM404 blocked this enhancement of extinction,
suggesting that AM404 was acting to increase CBI receptor activation during extinction training. These results demonstrate that the eCB
system can be modulated to enhance emotional leaming, and suggest that eCB modulators may be therapeutically useful as adjuncts for
exposure-based psychotherapies such as those used to treat Post-Traumatic Stress Disorder and other anxiety disorders.
Neuropsychopharmacology (2005) 30, 516524, advance online publication, 22 December 2004; doi:10.1038/sj.npp.1300655

Recent studies of CB1 knockout mice have demonstrated
that the genetic deletion of the CBl receptor leads to
increased anxiety in several well-studied measures (Haller
et al, 2002, 2004a,b; Martin et al, 2002). Furthermore, the
elegant studies of Marsicano ef al (2002) have demonstrated
that CB1 knockout mice also show profound deficits in the
learned inhibition of fear (heretofore referred to as
extinction), while the acquisition of the initial fear response
was normal. In the same study, the authors demonstrated
that pharmacologic blockade of the CB1 receptor led to a
similar deficit in extinction in mice, demonstrating the
importance of CB1 receptor activation for extinction in
mice.

The critical involvement of cannabinoid-mediated trans-
mission in extinction potentially has important clinical
implications, as numerous similarities link the expression of
fear and anxiety in humans suffering from phobias, Post-
Traumatic Stress Disorder (PTSD), and other anxiety
disorders to the expression of classically conditioned fear
in animals. Perhaps the most important of these similarities
is the persistence of fear memories in both humans and
animal models. In this context, studying extinction in
animals may further the development of experimental



therapeutics for the treatment of these disorders. Indeed,
recent results from our laboratory have shown that the
administration of a partial NMDA agonist both enhances
the extinction of conditioned fear in rodents (Walker et al,
2002), and can increase the efficacy of behavioral exposure
therapy in human phobics (Ressler et al, 2004).

Furthermore, several recent studies have suggested that
prolonging the action of released cannabinoids through the
inhibition of the enzyme fatty-acid amide hydrolase
(FAAH), which is critically involved in cannabinoid
catabolism and reuptake, leads to anxiolysis in rodents
(Kathuria et al, 2003). The results of these and other studies
have highlighted the sizable potential of the CB1 receptor
and the eCB-degradative enzyme FAAH as targets of
experimental therapeutics (eg Porter and Felder, 2001;
Kathuria et al, 2003).

Given the mounting clinical interest in modulators of the
eCB system, we examined whether the CB1 antagonist
rimonabant (SR141716A) would block extinction of fear in
rats as measured with fear-potentiated startle. We then
examined if administration of an agonist (WIN 55,212-2) or
of an inhibitor of eCB reuptake and breakdown (AM404)
would enhance the extinction of conditioned fear. In so
doing, we addressed whether manipulation of the eCB
system could lead to enhancements as well as decrements in
extinction, a clinically relevant form of fear modulation
important in the understanding of emotional learning and
in the treatment of anxiety-related behaviors.

MATERIALS AND METHODS
Animals

The procedures used were approved by the Institutional
Animal Care and Use Committee of Emory University and
in compliance with National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals. A total
of 216 adult male Sprague-Dawley rats (Charles River,
Raleigh, NC) weighing between 350 and 450 g were used.
Animals were housed in pairs in a temperature-controlled
(24°C) animal colony, with ad libitum access to food and
water. They were maintained on a 12 h light/dark cycle with
lights on at 0800, with all behavioral procedures performed
during the rats’ light cycle.

In Situ Hybridization

In situ hybridization was performed as previously described
(Ressler et al, 2002). A cDNA clone containing the coding
sequence of the rat cannabinoid receptor type 1 (CB1)
(ILM.A.G.E. expressed sequence tag clone, GI Accession
#11375084) was linearized after sequence verification. An
antisense riboprobe was generated with T3 RNA polymer-
ase. Slide-mounted sections of snap-frozen rodent brain
tissue were postfixed, proteinase K digested, blocked, and
hybridized overnight at 52°C with **S-UTP-labeled ribop-
robes. After a stringent wash protocol, slides were apposed
to autoradiography film and hybridization density was
qualitatively assessed.
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Fear Conditioning

Animals were trained and tested in 8 x 15 x 15 cm Plexiglas
and wire-mesh cages, with floors consisting of four 6.0-mm-
diameter stainless-steel bars spaced 18 mm apart. Each cage
was suspended between compression springs within a steel
frame and located within a  custom-designed
90 x 70 x 70cm  ventilated sound-attenuating chamber.
Background noise (60-dB wide-band) was provided by a
General Radio Type 1390-B noise generator (Concord, MA)
and delivered through high-frequency speakers (Radio
Shack Supertweeter; Tandy, Fort Worth, TX) located 5cm
from the front of each cage. Sound level measurements
(sound pressure level) were made with a Bruel & Kjaer
(Marlborough, MA) model 2235 sound-level meter (A scale;
random input) with the microphone (Type 4176) located
7cm from the center of the speaker (approximating the
distance of the rat’s ear from the speaker). Startle responses
were evoked by 50-ms, 95-dB white-noise bursts generated
by a Macintosh G3 computer soundfile (0-22kHz),
amplified by a Radio Shack amplifier (100 W; model
MPA-200; Tandy), and delivered through the same speakers
used to provide background noise. An accelerometer
(model U321A02; PCB Piezotronics, Depew, NY) affixed
to the bottom of each cage produced a voltage output
proportional to the velocity of cage movement. This output
was amplified (model 483B21; PCB Piezotronics) and
digitized on a scale of 0-2500U by an InstruNET device
(model 100B; GW Instruments, Somerville, MA) interfaced
to a Macintosh G3 computer. Startle amplitude was defined
as the maximal peak-to-peak voltage that occurred during
the first 200 ms after onset of the startle-eliciting stimulus.
The CS was a 3.7-s light (82 lux) produced by an 8 W
fluorescent bulb (100 s rise time) located 10 cm behind
each cage. Luminosity was measured using a VWR light
meter (Atlanta, GA). The US was a 0.5-s shock, delivered to
the floorbars and produced by a shock generator (SGS-004;
Lehigh Valley, Beltsville, MD). Shock intensities (measured
as in Cassella and Davis, 1986) were 0.4 mA. The presenta-
tion and sequencing of all stimuli were under the control of
the Macintosh G3 computer using custom-designed soft-
ware (The Experimenter; Glassbeads Inc., Newton, CT).
Animals were pre-exposed to the chambers for 10 min on
each of 2 days prior to training to habituate them to
handling and the test chambers and to minimize the effects
of contextual conditioning. On 2 consecutive days following
habituation, rats were returned to the same chambers and
presented with 10 pairings of a light (3.7 s) coterminating
with a 0.4-mA, 0.5-s shock (3.6-min intertrial interval).

Matching

At 241 following the last fear-conditioning session, animals
were returned to the same chambers and presented with
startle stimuli (50-ms, 95-dB white-noise bursts) in the
presence or absence of the light-conditioned stimulus (15
light-startle compounds and 15 startle alone). Increased
startle in the presence of the light-CS was taken as a
measure of conditioned fear, and the magnitude of the fear
response was calculated as the percentage by which startle
increased when the light-CS was presented in compound
with the startle stimulus vs when it was omitted (fear-
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potentiated startle or FPS). Using these measurements,
animals were divided into groups displaying approximately
equal levels of FPS prior to drug treatment and extinction
training.

Extinction Training

At 5 days following the last fear-conditioning trial, animals
were injected intraperitoneally with a test compound or its
vehicle in 1 ml/kg volumes and then immediately returned
to the same chambers and presented with 30 or 90
presentations of the light-CS in the absence of footshock
(3.7-s light, 30-s intertrial interval). At 1h following this
extinction training session, animals were given a short test
consisting of startle stimuli in the presence or absence of the
light-CS (2-5 light-startle compounds and 2-5 startle alone,
values shown are averages of all trials). At 24 h postextinc-
tion training, all animals were tested for the presence of
fear-potentiated startle (15 light-startle compounds and 15
startle alone). As animals showed a large amount of
extinction within the 24-h testing session (within-session
extinction), the FPS values shown for all drug studies are the
average FPS during the first five light-startle compounds.

Reinstatement

Previously fear-conditioned and extinction-trained animals
were returned to the testing chamber 48h following
extinction training and presented with three footshocks in
the absence of the light-CS (0.4mA, 0.5s shock, 2min
intertrial interval). Immediately following the unpaired
shocks, animals were tested for the presence of fear-
potentiated startle (15 light-startle compounds, and 15
startle alone).

Shock Reactivity, Startle, and Activity Measures

A separate group of fear-conditioned animals was injected
with AM404, placed in the training/testing chambers, and
presented with three unpaired shocks and 42 startle stimuli
(0.4-mA, 0.5-s shocks, 95-dB noise-burst startle). The same
group of animals was returned to the same chambers 3 days
later, injected with vehicle, and presented with an identical
behavioral test. The values shown are the mean integrated
voltages of the accelerometers measured over 200-ms
periods beginning at the onset of either the shocks or the
startle stimuli. Additionally, a measure of spontaneous
motor activity was derived from the mean displacement of
the accelerometers in the 2 min prior to delivery of the first
shock, while animals were exploring the chambers.

Drugs

Rimonabant (SR141716A, NIMH Drug Supply Program,
Bethesda, MD) and WIN 55,212-2 (Biomol, Plymouth
Meeting, PA) were dissolved in 100% DMSO. AM404
(Biomol, Plymouth Meeting, PA) was dissolved in 70%
DMSO, 30% PBS. In experiments in which both rimonabant
and AM404 were used, all drugs were dissolved in 100%
DMSO.
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Statistics

Comparisons were made across drug-treatment groups at
each test (eg 24-h groups were compared across treatment
groups) using ANOVA or Student’s t-test with drug or dose
as the independent measure, and using Fischer’s LSD test
for post hoc analysis.

RESULTS
CBl is Enriched in the Rat Basolateral Amygdala (BLA)

The BLA has been repeatedly implicated in the extinction of
conditioned fear in both direct pharmacological inactiva-
tion and augmentation studies (Falls et al, 1992; Walker
et al, 2002; Davis et al, 2003). In situ hybridization was used
to determine if CBl1 mRNA was expressed within the rat
amygdala and whether it was differentially expressed in the
basolateral, medial, and central amygdaloid nuclei. Repre-
sentative sections from these in situ hybridization studies
(Figure 1), suggest that CB1 mRNA is highly enriched in the
BLA, with very little CB1 mRNA expression seen in the
central (CeA) or medial nuclei (MeA) of the amygdala.
Additionally, the presence of the mRNA for the CB1 protein
within the BLA itself suggests that the CBl-mediated
signaling taking place in the BLA is part of the intrinsic
neurocircuitry of the BLA. These hybridization results are
in close agreement with previous studies using immuno-
histochemical and hybridization techniques (Katona et al,
1999; Marsicano and Lutz, 1999; McDonald and Mascagni,
2001).

CB1 Antagonist Blocks Extinction

The next experiment examined whether pharmacologic
antagonism of the CBI receptor would disrupt extinction in
rats and the dose-response relationship for this interaction.
Parametric studies were performed to identify a set of
behavioral manipulations that could reliably induce extinc-
tion in rats. In these studies (outlined in Figure 2a), animals

Figure | CBI is densely expressed within rat BLA. Expression patterns
of CBl-receptor mRNA are shown following in situ hybridization with a
#S-labeled antisense riboprobe. (a) Dense CBI mRNA expression is seen
within amygdala (arrow) and hypothalamus, with more sparse cellular
expression throughout hippocampus and cortex. (b) Cresyl violet-stained
sections of the temporal lobe. (c) CBI is most densely expressed within the
basolateral amygdala (BLA, arrow). CeA = central amygdaloid nucleus,
MeA = medial amygdaloid nucleus.
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Figure 2 Effect of CBI antagonist on extinction of fear. (a) Timeline for
behavioral experiments. (b) Percent fear-potentiated startle (% FPS) 24 h
following extinction training (lights without shocks). Animals receiving 90
light exposures showed significant extinction compared to pretest. (c) %
FPS is shown for the pre-extinction test and 24 h postextinction tests of
four groups of animals that received SR 141716A (0, 0.15, 1.5, 5mg/kg, i.p.)
prior to extinction training (n= 16 for 0, 1.5, and 5 mg/kg groups; n =8 for
0.15mg/kg group). Only the vehicle group (0mg/kg) demonstrated
significant extinction to the light, and animals receiving the two higher
doses of rimonabant displayed significantly greater % FPS than vehicle-
treated controls (*denotes p<0.05, **denotes p<00I). (d) % FPS
following extinction in the presence of the CBI agonist, WIN 55212-2
(n=>5 per group).

showed robust fear conditioning prior to extinction training
and varying the number of nonreinforced light-CS pre-
sentations decreased the amount of fear animals showed in
subsequent testing trials (Figure 2b). We found that 90 trials
of nonreinforced lights led to significant extinction reten-
tion, whereas only 30 trials led to a more modest,
nonsignificant reduction in fear (compared to pre-extinc-
tion: 90 trials, F(; 27y =4.05, p<0.05; 30 trials, p>0.05). In
all subsequent studies, the 90-trial extinction protocol was
used when trying to block extinction, while the weaker 30-
trial extinction protocol was used when trying to enhance
extinction.

This 90-trial extinction protocol was used to test the effect
of systemic administration of the CB1 antagonist rimona-
bant on extinction in rats. The acute administration of
rimonabant to rats immediately prior to extinction training
led to a profound disruption of extinction retention, as
evidenced by the fact that rimonabant-treated animals
showed significantly higher levels of fear in the presence of
the light-CS 24h following extinction training (Figure 2c,
ANOVA dose x postextinction FPS, F 55y =3.40, p <0.05).
This disruption in extinction appeared to be dose-
dependent, as animals receiving 1.5 or 5mg/kg of rimona-
bant showed significantly higher levels of conditioned fear
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than vehicle-treated controls, and appeared to show
virtually no reduction in conditioned fear following
extinction training (post hoc, p<0.01 for 1.5 and 5mg/kg
compared to vehicle). The ability of rimonabant to disrupt
extinction at the relatively low doses used here suggested
that the neural process underlying extinction may be
extremely sensitive to the level of CB1 receptor activation
during extinction training.

A Direct CB1 Agonist has No Effect on Extinction

The next experiment examined whether the application of
the CB1 direct agonist WIN 55-212,2 (WIN) prior to
extinction training might enhance extinction retention. A
relatively high dose of WIN (5mg/kg) was administered
prior to a 30 trial-extinction training protocol, to determine
if increasing CBl activation would augment the modest
extinction normally induced by this weak training protocol.
The administration of 5mg/kg WIN prior to extinction
training did not enhance extinction; in contrast, WIN-
treated animals actually showed a nonsignificant, but
slightly higher, level of conditioned fear 24h following
extinction training (Figure 2d). Notably, the well-documen-
ted emergence of prominent locomotor and analgesic effects
following administration of higher doses of WIN (eg Tsou
et al, 1996; Herzberg et al, 1997) limited our ability to test
the effects of doses of WIN greater than 5 mg/kg.

One explanation for this lack of agonist effect on
extinction is that the CB1 receptor could be rapidly
downregulated following direct agonist administration
(Coutts et al, 2001; Hsieh et al, 1999). The next experiments
examined whether augmentation of endogenously released
eCBs, instead of direct agonist administration, would have a
different effect.

AM404, an Inhibitor of Cannabinoid Reuptake and
Breakdown, Enhances Extinction

In contrast to the potential compensatory decrease in
efficacy of CBl-mediated transmission following direct
agonist administration, an inhibitor of eCB reuptake or
breakdown may enhance extinction by prolonging the
action of released eCBs. This, in turn, would lead to
increases in activity-dependent CB1-receptor activation.

Consistent with this hypothesis, administration of AM404
prior to 30-trial extinction training led to an enhancement
of extinction retention, as AM404 animals showed sig-
nificantly less fear in the presence of the CS 24 h following
extinction training (Figure 3a, main effect of drug treatment
F(1,70)=4.06, p<0.05). This enhancement of extinction
appeared to be dose-dependent, as animals treated with
10 mg/kg AM404 showed less fear than those treated with
2mg AM404 and significantly less than vehicle-treated
animals (10 mg vs control, post hoc p <0.05).

A subset of AM404-treated animals was tested 1h
following extinction to assess whether the effects of
AM404 were likely taking place during the acquisition
phase of extinction. The AM404-induced enhancement of
extinction was evident 1h postextinction, as animals that
received the 10-mg/kg dose of AM404 showed significantly
less fear than vehicle-treated controls (Figure 3b, ANOVA
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Figure 3 CBI reuptake inhibitor enhances extinction. AM404 was given
prior to extinction training in rats previously fear conditioned as in Figure 2a.
(a) % FPS during 24 h postextinction testing in animals that received 0, 2, or
[0 mg/kg AM404, i.p., prior to extinction training (n=21 for 0 and 2 mg/kg;
n=29 for 10mg/kg). These data demonstrate increasing extinction
(decrement in % FPS) with increasing doses of AM404. (b) % FPS during
| h postextinction testing in animals that received 0, 2, or 10 mg/kg AM404,
i.p., prior to extinction training (=13 for 0 and |0 mg/kg, n= 12 for 2mg/
kg). (c) % FPS during 24 h postextinction testing in animals that received
10 mg/kg AM404 i.p., 5 mg/kg rimonabant i.p., or the combination prior to
extinction training (1 =28 per group), demonstrating that coadministration
of a CBI antagonist prevented AM404 from enhancing extinction.
(*denotes p <0.05)

linear contrast F(; 37y =4.89, p<0.05; post hoc comparison,
10 mg/kg vs vehicle, p<0.05).

AM404-Dependent Enhancement of Extinction Appears
to be Mediated by Activation of CB1 Receptor

AM404 has been implicated in the inhibition of eCB
reuptake as well as in inhibiting FAAH (Jarrahian et al,
2000; Beltramo et al, 2000; Giuffrida et al, 2001), but does
not itself activate CB1 receptors (eg Beltramo et al, 1997). As
the enzyme FAAH participates in the breakdown of a
number of neuroactive arachidonic-acid derivates (Giuffri-
da et al, 2001) and some have suggested that AM404 may
also act at the vanilloid receptor (VR1, Smart and Jerman,
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2000), a series of experiments was performed to determine
if the AM404-induced enhancement of extinction requires
CB1 activation.

Animals were fear conditioned and extinction trained (30
trial extinction) as in the previous study, and prior to
extinction training administered 10 mg/kg AM404, 10 mg/kg
AM404 + 5mg/kg rimonabant, or 5mg/kg rimonabant
alone. During testing, animals administered AM404 +
rimonabant and rimonabant alone showed virtually no
decrease in FPS 24h following extinction. In contrast,
animals treated with 10mg/kg AM404 alone showed
significant extinction (f(z6)=2.36, p<0.05 AM404 alone as
compared to pre-extinction), and significantly less fear than
animals receiving AM404 + rimonabant or rimonabant
alone (Figure 3c, F(;,3 =>5.40, p<0.05, rimonabant and
rimonabant + AM404 groups pooled for comparison).
Taken together, these results suggest that the enhancement
of extinction seen in AM404-treated animals is mediated via
CB1-receptor activation.

AM404-Induced Enhancement of Extinction Requires
Cue-Exposure and is not Due to Drug-Induced Changes
in the Expression of Conditioned Fear

A series of control experiments was performed to rule out
the possibility that AM404 administration itself could lead
to decreases in the expression of conditioned fear, even in
the absence of cue re-exposure during extinction training.
To this end, a parallel set of rats was fear conditioned and
matched for equivalent levels of FPS as in the above studies.
On the day on which extinction training was to be
performed, animals were administered 10 mg/kg AM404,
5mg/kg rimonabant, or vehicle, but cue re-exposure was
omitted. At 1h following drug administration, animals were
tested for FPS using a procedure similar to the above
studies. The results from these studies indicate that the
highest doses of AM404 and rimonabant used here had no
effect on FPS if cue-exposure was omitted, as all drug
groups showed similar levels of conditioned fear 1h
following drug administration (Figure 4a).

AM404 Treatment Does not Lead to Obvious Analgesic
or Locomotor Effects

To better understand the behavioral effects engendered by
AM404 treatment, a series of control experiments was
performed. These included testing the effects of 10 mg/kg
AM404 on (1) shock reactivity as a measure of pain
sensitivity, (2) baseline startle as one measure of anxiety,
and (3) general motor activity within the training chambers.
Animals were fear conditioned and then returned to the
training chamber several days later and administered
10 mg/kg AM404. Following drug administration, animals
were presented with three shocks and 42 startle stimuli
identical to those used in the above studies. Subsequently,
the same animals were returned to the testing chamber 3
days later, injected with vehicle, and similarly tested. The
results from these studies (Figures 4b-d) showed that the
administration of AM404 had little effect on shock reactivity
or overall locomotor activity levels in the testing chamber
(p>0.5 for both comparisons). The apparent decrease in
baseline startle observed following AM404 administration
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arbitrary units during the presentations of startle stimuli (=28 per group
for b—d).

was not significant (p = 0.45). Taken together, these results
suggest that the administration of AM404 at the doses used
in this study are insufficient to generate obvious motor or
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analgesic effects, and do not likely affect anxiety levels as
measured by baseline startle amplitude.

AM404 Treatment Prior to Extinction Training
Decreases Shock-Induced Reinstatement of Fear

Shock-induced reinstatement was then examined 2 days
following treatment with AM404 or vehicle during extinc-
tion. Previous studies have shown that the level of fear
following reinstatement is dependent both on the level of
the stressor and the amount of previous extinction, as long
as the stressor is delivered in the same context as the
original training context (Rescorla and Heth, 1975; Bouton
and King, 1983). Thus, diminished reinstatement following
extinction serves as an additional measure of the strength of
the extinction process. As animals were matched for
equivalent FPS prior to extinction training, the suscept-
ibility of animals to reinstatement can be taken as a
secondary measure of the strength of extinction training,
and perhaps as a preliminary measure of the resiliency of
these inhibitory extinction memories to stressors.

In these studies, animals that had previously been fear
conditioned, extinction trained, and tested for extinction
retention were returned to the training chambers and
presented with three footshocks (in the absence of light-CS
presentation) followed by a test for the presence of FPS to
the light-CS. During these reinstatement tests, AM404-
treated animals showed less reinstatement-induced condi-
tioned fear, whereas control animals showed a transient but
robust re-emergence of conditioned fear following the
unpaired footshocks. This effect was especially prominent
during the first two testing trials, where vehicle-treated
animals showed significantly more fear to the light CS than
their AM404-treated counterparts (Figure 5a t(3)=4.5,
p<0.05, 2 and 10 mg/kg AM404-treated groups pooled for
comparison to vehicle). Additionally, examination of with-
in-session extinction demonstrated a significant decrease in
FPS among vehicle-treated groups, but little change among
AM404-treated groups (Figure 5b, repeated measures
ANOVA, Trial x Drug interaction, F( ) =5.67, p<0.02).
Note that within this period of extinction testing, neither
group reached terminal levels of extinction.

DISCUSSION

These experiments demonstrate that: (1) CB1 mRNA is
expressed densely and relatively specifically within the rat
BLA, a region implicated in the extinction of conditioned
fear, and there is little expression seen in the medial and
central nuclei; (2) systemic application of a specific CB1
antagonist (SR 141716A) to rats dose-dependently blocks
the extinction of fear as it does in mice; (3) this dose-
dependent blockade of extinction is robust and easily
measured using fear-potentiated startle as a measure of fear;
(4) systemic application of AM404, an inhibitor of eCB
breakdown and membrane transport, dose-dependently
enhances extinction of fear as measured at different times
following cue re-exposure; (5) this enhancement of extinc-
tion is not likely due to changes in baseline anxiety,
locomotion, or nociception; (6) the enhancement of
extinction with AM404 is likely CBl-dependent, as this

Neuropsychopharmacology

521



@

CB neurotransmission augments extinction of conditioned fear
JP Chhatwal et dl

522

300% -
250% <
200% -
150% 4
100% +

50% A

% Fear-Potentiated Startle ®

0%

AM404
Drug Given During Extinction

Vehicle

(=2

350% 1

300%

250%

200% A
—— Vehicle

150% - A AM404

100% A

% Fear-Potentiated Startle

50% -

. 1

0%

Trial #

Figure 5 AM404-enhanced extinction decreases shock-induced rein-
statement. (a) % FPS is shown during testing following reinstatement with
three footshocks. Animals had received vehicle (n=21) or AM404 (2-mg
and 10-mg groups combined, n =42) prior to extinction training (ie, 48 h
prior to reinstatement). Animals that received AM404 prior to extinction
training demonstrated significantly less % FPS following reinstatement than
did control animals. (*denotes p<0.05) (b) Within-session extinction is
shown for the first four trials during the testing of FPS following the
reinstatement experiment described in (a). The terminal level of FPS in the
last testing trial prior to reinstatement (shown as trial 0) indicates that
vehicle and AM404-treated animals showed similar FPS levels prior to
reinstatement.

effect is blocked almost completely by coadministration of
rimonabant; and (7) this enhancement of extinction appears
to diminish reinstatement of fear following footshock.

As has been shown previously, eCB function is normally
required for extinction of fear in mice using both
pharmacological (Marsicano et al, 2002; Suzuki et al,
2004) and genetic approaches in CB1 knockout animals
(Marsicano et al, 2002). In this study, we demonstrate that
blockade of the CB1 receptor with rimonabant also prevents
extinction of fear in rats as measured with the fear-
potentiated startle paradigm.

That a similar effect did not occur with systemic
application of the direct CB1 agonist, WIN 55,212-2, could
be due to a rapid downregulation or desensitization of the
CBI1 receptor following prolonged activation (Coutts et al,
2001; Hsieh et al, 1999). Direct CB1 agonists have been
shown to lead to downregulation of CB1 receptors (Hsieh
et al, 1999) and to uncoupling of the CBI1 receptor from its
effector G-protein, G; (Mato et al, 2004). The presence of a
physiologic mechanism to rapidly decrease the efficacy of
CB1-mediated transmission would have important implica-
tions for future and ongoing clinical studies examining the
use of direct CB1 agonists for the treatment of anxiety
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disorders and drug addiction. Future studies examining a
broader range of doses of WIN 55,212-2 would be necessary
to definitely determine if a lower dose of this drug might
enhance extinction without leading to potential CB1 down-
regulation. These concerns make the use of inhibitors of
cannabinoid reuptake and of FAAH more clinically
attractive, since the cannabinoid system has very low basal
levels of activation (Giang and Cravatt, 1997; Cravatt et al,
2001).

Reinstatement of fear is one of the principle behavioral
processes upon which the idea is based that extinction does
not lead to an ‘erasure’ of memory, but rather to a parallel
inhibitory process that masks the previous fear memory
(for a review, see Myers and Davis, 2002). We found that
animals that had received AM404 during the extinction
exposure showed less initial fear-potentiated startle when
tested following reinstatement in the absence of any drug
(Figure 5a and b). This finding is consistent with previous
findings in which pharmacological enhancement of extinc-
tion with p-cycloserine (DCS) leads to less reinstatement
(Ledgerwood et al, 2004), and provides further support for
the hypothesis that the extinction seen following AM404
treatment is more robust and less susceptible to subsequent
stress than the extinction seen in vehicle-treated controls.
Future studies using more clinically relevant stressors and
contexts are needed to clarify whether AM404 reduces
susceptibility to reinstatement in a therapeutically useful
way.

Drugs that can be given only at the time of extinction may
provide for a new and powerful way to treat anxiety
disorders. We and others have previously shown that
extinction, which is known to be NMDA-dependent (Falls
et al, 1992; Santini et al, 2001; Suzuki et al, 2004), can be
enhanced with systemic or local administration into the
amygdala of DCS, a partial NMDA agonist (Walker et al,
2002; Ledgerwood et al, 2003, 2004). Follow-up clinical trials
have now demonstrated that this approach may be
successful in humans as well (Ressler et al, 2004; Rothbaum
and Davis, 2003).

AM404 and other inhibitors of the anandamide trans-
porter, such as the newly identified AM1172 (Fegley et al,
2004), may enhance the process of extinction through an
alternate mechanism. Since DCS can potentially activate all
NMDA receptors, it is possible that it could enhance fear
learning as well as extinction, although this has not been
observed experimentally (Ledgerwood et al, 2003). In
contrast, the CB1-receptor knockout mice have no decre-
ment in fear learning, and pharmacological blockade of CB1
does not affect fear conditioning (Marsicano et al, 2002).
Therefore, it appears that the activation of the cannabinoid
system may be relatively specific to effects on inhibitory
learning within the BLA, and it may not be required for or
have a substantial impact on excitatory learning such as fear
conditioning. This idea fits well with recent physiologic
studies suggesting that CB1 activation may lead to enhanced
LTD by presynaptically decreasing GABA release within the
BLA (Azad et al, 2003; Chevaleyre and Castillo, 2003),
perhaps via coincident activation of both presynaptic
NMDA and cannabinoid receptors, as has been elegantly
shown in the neocortex (Sjostrom et al, 2003). Lastly, it has
been shown that extinction learning critically requires the
activation of MAP kinase and calcineurin (Lu et al, 2001;



Lin et al, 2003a,b), and that CBl-receptor activation
regulates the activity of a variety of kinases and phospha-
tases within the BLA (including MAP kinase and calcineur-
in, Cannich et al, 2004), providing a putative mechanistic
link between eCB modulation and the plasticity underlying
extinction.

Taken together, the findings in the present study suggest
that augmenting eCB-mediated neurotransmission by in-
hibition of eCB transport or breakdown may provide a
novel mechanism for enhancing the extinction of fear. As
such, eCB reuptake inhibitors may serve as useful adjuncts
in the treatment of anxiety disorders (such as PTSD, panic
disorder, and OCD) as well as drug addiction and other
disorders that respond to behavioral treatments utilizing
extinction processes.
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