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Abstract

Anxiety disorders are among the most prevalent psychological disorders, have significant negative
impacts on quality of life and the healthcare system, and yet effective treatments remain elusive.
Manipulating the endocannabinoid system has demonstrated potential for treating anxiety,
although the side effects of direct manipulations of cannabinoid receptors keeps them from
widespread clinical use. Disrupting the degradation enzyme fatty acid amide hydrolase (FAAH)
enhances endogenous signaling and may produce similar efficacy without the side effects. The
current experiments examine the effects of low (5.6 mg/kg) or moderate (10.0 mg/kg) doses of
OL-135, a FAAH inhibitor, on the acquisition and consolidation of classical fear conditioning, a
common model of trauma-induced anxiety. The acquisition of contextual, but not auditory, fear
conditioning was disrupted by both doses of OL-135. Shock reactivity was not affected. Due to the
additional neural circuitry required for contextual, but not auditory, fear conditioning, these data
suggest that endocannabinoid signaling outside the amygdala may be critical for a subset of fearful
memories.

Anxiety disorders affect more than 25% of Americans over their lifetime, making it among
the most common psychological disorders. In the past few decades incredible progress has
been made in elucidating the neural circuitry underlying fear and anxiety, such that there is
now a solid understanding of the relevant neural circuits, including the role of broad
neuroendocrine and neuromodulatory systems [1, 2]. However, despite this progress in basic
science, few, if any, novel treatments have reached clinical practice.

In recent years, the role of the endocannabinoid system in anxiety has gained a great deal of
attention [3]. Cannabinoids have long been used for their psychoactive properties. There are
two well-studied endogenous ligands, anandamide and 2-Arachidonoylglycerol (2-AG),
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which both appear to have a role in modulating levels of anxiety [4]. In addition, there are
two major receptors, CB1 and CB2. CB1 (and perhaps CB2) is found throughout the brain
and appears to be involved in anxiety [4]. Interestingly, the relationship between cannabinoid
levels and anxiety is not straightforward. Although low doses of CB1 and CB 2 agonists can
be anxiolytic, higher doses of CB1 agonists can be anxiogenic [3]. These different properties
are likely due to CBL1 receptors on different neural populations, but complicate the
pharmacological application of CB1 agonists clinically. In addition, significant side effects
prevent broad use of direct agonists and antagonists in the clinic [e.g. 5].

Based, in part, on the strategy adopted by anti-depressants to modulate the serotonin system
using selective serotonin reuptake inhibitors (SSRI), one approach that is currently being
adopted to reduce side effects is to target the endocannabinoid degradation enzyme Fatty
Acid Amide Hydrolase (FAAH) [6]. FAAH appears to preferentially target anandamide [7],
although under some conditions it also appears to affect 2-AG. By targeting degradation
enzymes, non-specific saturation of cannabinoid receptors can be avoided and selective
enhancement of existing endogenous signaling can be achieved [8]. This reduces side effects
and makes FAAH an attractive target for anxiolytic effects [7].

Although FAAH inhibition appears to be promising for reducing unconditioned anxiety [9,
10], there is currently little information on the effects of FAAH inhibition on the acquisition
of conditioned fear. This is a critical absence. Classical fear conditioning, in which
previously neutral stimuli take on aversive attributes due to associations with traumatic
stimuli, is a well-studied adaptive phenomenon in which the neural circuitry is exquisitely
understood. In addition, excessive or abnormal fear conditioning is likely one of the
mechanisms by which posttraumatic stress disorder (PTSD) and similar types of anxiety are
acquired. Interestingly, a recent review demonstrates that the effects of direct
endocannabinoid manipulation on conditioned fear appears to be different from that on
unconditioned, innate anxiety [11], making it critical to study independently. Although CB1
agonists, at least at moderate doses, are anxiolytic on unconditioned anxiety, they sometimes
increase the expression of contextual conditioned fear [12]. Moreover, unlike unconditioned
anxiety, CB1 antagonism or genetic knockout sometimes is found to reduce the acquisition
of conditioned fear [12]. However, it is important to note that both sets of findings are
controversial, in that the opposite pattern can also be observed [13].

The effects of FAAH inhibition on conditioned fear are difficult to predict. Although FAAH
inhibition appears to be anxiolytic and thus may reduce conditioned fear, there are several
rodent studies that suggest FAAH inhibition can enhance memory formation and storage for
aversively motivated tasks [14, 15]. Given the important role that acquired fears play in the
formation and maintenance of anxiety disorders, a general memory enhancing effect of
FAAH inhibition would be potentially problematic for therapeutic use. Therefore, the
current experiments examine the effects of OL-135, a well characterized FAAH inhibitor, on
the acquisition and consolidation of classical fear conditioning.

To test this, 60 adult male Sprague-Dawley rats (Charles River), weighing approximately
200-300g were divided into two experiments. Experiment 1 examined the effects of Pre-
Training FAAH disruption. Experiment 2 examined the effects of Post-Training FAAH
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disruption. Rats were handled for five days before the study began and were randomly
assigned to treatment groups. All experiments were conducted with the approval of The
University of New England’s Institutional Animal Care and Use Committee (IACUC) and
according to PHS and NIH guidelines.

The OL-135 [16] was stored at —80° C in powder form, until approximately 60 min before
behavioral testing. Three doses were prepared (0, 5.6, 10.0 mg/kg) with a vehicle consisting
of 1:1:18 ethanol, cremophor, and saline. Drug administration occurred 30 minutes prior to
training (Experiment 1) or immediately (within 5 min) after training (Experiment 2) via
intraperitoneal (IP) injection.

Conditioning was conducted in four Startfear chambers using their proprietary “Freezing”
software using previously published methods [17], with the sensitivity adjusted for use in
adult subjects. Briefly, on the first day (training) subjects were given five minutes of
habitation followed by 10 pairings of a 10-s 67-db 4-kHz tone and a 2-s 0.3-mA shock. On
the second day (context testing) subjects were transferred into the same conditioning
chamber as the day before for five minutes during which freezing was assessed. On the third
day (auditory testing) subjects were transported into a new conditioning chamber with the
opposite context. Freezing was assessed during a five-minute habituation period followed by
10 presentations of the auditory cue during which freezing was also assessed. In all cases,
freezing was defined as a lack of relative cage movement below a fixed threshold for 0.5s.
The threshold was determined in pilot studies by an investigator trained to recognize the
freezing response. Percent freezing scores were calculated by comparing the time spent
below the movement threshold with the total time for each event, including averaging over
all 10 tones.

Experiment 1 was designed to examine the effects of FAAH inhibition on the acquisition of
conditioned fear. It was analyzed as a 3 (drug dose) x 4 (test session: habituation, context
freezing, novel context, auditory freezing) mixed model repeated measures ANOVA using
conditioning freezing as the dependent variable (Figure 1). Due to a significant departure
from sphericity, the Greenhouse-Geisser Epsilon correction was used. There was no main
effect of drug dose. As expected, there was a main effect of test session, F(2.11, 72.07) =
106.39, p<.0001. There was also a significant interaction between drug dose and test session
F(4.2394,72.07) = 2.47, p<.05. A one-way ANOVA examining drug dose on contextual
freezing demonstrated a significant effect of drug F(2,34) =4.36, p<.05. The Dunnett’s post-
hoc test found significant differences between the control group and both drug doses (ps<.
05). A one-way ANOVA on the effects of drug dose on tone fear showed no significant
differences, demonstrating that only contextual freezing was affected by FAAH inhibition.

To ensure the effects of the drug were on fear conditioning and not antinociceptive effects,
we also assessed reactivity to the aversive stimulus, both as a maximal value and as an
average value (Figure 2). Between subjects one-way ANOVAs of drug dose on maximum
and average shock reactivity found no significant differences

Experiment 2 was designed and analyzed identically (Figure 3). Again, due to a significant
departure from sphericity, the Greenhouse-Geisser Epsilon correction was used. Here there
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was a significant effect of test, F(1.9, 38.33) = 142.7315, p<.0001, as expected. However,
there was no main effect of drug dose, or a test x drug dose interaction.

The current experiments demonstrate a specific impairment of the acquisition or early
consolidation of contextual fear conditioning due to inhibition of FAAH, consistent with a
role for the endogenous cannabinoid system in this form of learning. Post-training injections
did not impair conditioning, suggesting that the role of the endocannabinoid does not extend
to the later consolidation phases of contextual fear conditioning. Furthermore, the
impairment of contextual fear acquisition is not caused by alterations in sensory function as
shock reactivity and auditory fear conditioning remained intact. Finally, as post-training
injections did not disrupt learning, it is unlikely that the impairment is due to residual effects
of the drug during the test session.

Although to the best of our knowledge these experiments are the first to look at the effects of
FAAH inhibition on the acquisition of fear conditioning, there are a number of studies
examining FAAH inhibition on both appetitive and aversive memory as well as innate
anxiety-based tasks. For example, FAAH inhibition is anxiolytic in the light/dark test [9], the
elevated plus maze [10] and other tests, although this may depend upon a number of
environmental factors. FAAH inhibition also appears to enhance extinction of fear
conditioning, which may be related to the drugs anxiolytic effects [11].

However, despite these anxiety-reducing properties, FAAH inhibition appears to enhance
memory, especially those based on aversive motivation. For example, URB597 enhances the
acquisition of passive avoidance, an effect found to be dependent on the PPAR-alpha
receptor [14]. This suggests an anxiety-producing effect. Aversively-motivated memory
tasks that do not directly involve anxiety also appear to be enhanced by FAAH inhibition.
For example, both acquisition and extinction of the Morris-Water maze are enhanced by
OL-135 or genetic knockout of FAAH [15]. However, appetitively-motivated tasks may be
relatively unaffected by FAAH inhibition [18].

The effects of FAAH inhibition appear to generally mimic the effects of direct CB1
antagonism or knockout in disrupting the acquisition, but not consolidation, of contextual,
but not auditory, fear [11]. This is of interest because FAAH inhibition, by disrupting
endocannabinoid degradation, should generally increase cannabinoid levels. However, it is
important to note that there is not full agreement on the effects of CB1 manipulation on fear
conditioning, as there are reports in the literature of CB1 antagonists disrupting various
aspects of conditioning [e.g. 11, 13], although these differences may be due to different
timing of injections or the specific brain structures targeted. An alternative hypothesis is that
the enhanced anandamide levels caused by the FAAH disruption are acting on a variety of
receptors, such as both CB1 and TRPV1, which may have opposing effects [19]. This may
lead to different behavioral changes. Nevertheless, that the effects of FAAH inhibition more
closely mimic those reported by CB1 antagonism confirm that there is a clear difference
between broad and non-specific activation caused by direct CB1 agonists/antagonists and the
enhancement of endogenously active signaling caused by FAAH inhibition [8].
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Fear conditioning is a powerful tool to examine the anxiolytic properties of pharmaceuticals.
The neural circuitry is very well understood and it has great face validity for certain forms of
anxiety, such as specific phobias and post-traumatic stress disorder [1, 2]. Moreover, fear
conditioning is enhanced in patients with anxiety disorders [20] and fear conditioning may
be one of the mechanisms that contribute to the formation of anxiety early in life.
Importantly, different forms of fear conditioning require different neural circuitry.
Conditioning to a unimodal, discrete, simple, cue such as the auditory fear conditioning in
the current experiments, appears to depend upon a small circuit centered on the lateral,
basolateral, and central nuclei of the amygdala and including subcortical efferent and
afferent structures. In contrast, contextual fear conditioning often recruits additional neural
circuitry, including the hippocampus and various cortical regions [21, 22]. Interestingly,
treatments such as propranolol, a beta-adrenergic antagonist, in humans disrupt only
contextual and not auditory conditioning [23], similar to the results of the current studies. It
is worth noting that this pattern precludes a simple interpretation of the effects of FAAH
inhibition (or beta-receptor antagonism). Although these drugs are generally considered
anxiolytic, that simple fear conditioning remains intact suggests these drugs have a more
subtle effect on a subset of fear and anxiety circuitry.

Indeed, the data demonstrating that auditory fear conditioning is spared by FAAH inhibition
suggests that the critical site of action for FAAH inhibition’s effect on contextual fear
conditioning is likely not in the essential fear circuit, including parts of the amygdala. This is
somewhat surprising given the number of CB1 receptors in the amygdala, the known role of
the amygdala in fear and anxiety and the established effects of FAAH inhibition on the
amygdala [7, 24]. However, as other regions such as the hippocampus, entorhinal cortex and
prefrontal cortex are also required for contextual fear conditioning and contain large
numbers of CB1 receptors and robust FAAH expression [24], it appears likely that these
regions may be critical for its anxiolytic effects on fear conditioning. However, it is
important to note that some amygdalar sub-nuclei, such as the basolateral nucleus, may be
preferentially involved in contextual fear conditioning and thus the target of OL-135’s
effects in the current experiments. Further work is necessary to clarify this issue.

A role for endocannabinoid in fear and anxiety is well established [e.g. 11], although
relatively few studies have examined this using FAAH inhibition. Despite the apparently
similar effects on conditioned fear that were observed in the current studies, FAAH
inhibitors may be preferable over CB1 antagonists for the treatment of anxiety disorders.
Due to significant side effects, CB1 antagonists have been withdrawn from the market and
clinical research has slowed on this class of compounds [5]. In contrast, FAAH inhibitors
appear to be much more well tolerated and avoid many of the pitfalls of direct
endocannabinoid receptor modulation [8]. Indeed, clinical trials of PF-04457845 with PTSD
patients are currently underway.

The doses of OL-135 used in the current study were chosen to be at or below the threshold
dose for antinociception [25]. Indeed, we observed no evidence for reduced shock
responsiveness or a general impairment of conditioning. There are several reasons why this
could be. The current studies used a relatively robust shock, which may be sufficient to
overcome any anti-nociceptive effects of the doses we used. In addition, most of the work on
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anti-nociceptive prosperities of OL-135 have used tactile or thermal sensitivity. Electric
shock may activate different or additional pathways that are not affected by OL-135.
However, it is also important to note that the current experiments did not find evidence for a
linear dose-response relationship, which may have been apparent with a lower dose, nor can
we rule out that larger doses would impair shock sensitivity or fear conditioning more
generally. Additional studies with a broader range of doses would be necessary to answer
those questions.

In summary, FAAH inhibition disrupted the acquisition of contextual fear conditioning at a
dose that did not show any evidence of antinociceptive properties. These effects are
consistent with those reported from direct CB1 antagonism. Nevertheless, these findings are
of interest because FAAH inhibition may show greater promise in the clinic than direct CB1
manipulation.
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Research Highlights

e FAAH Inhibitor OL-135 disrupts the acquisition, but not consolidation, of
contextual fear conditioning

» Auditory fear conditioning and shock reactivity remain unaffected.

«  Together, these data suggest a specific role for endocannabinoids in a subset of
fear conditioning paradigms.
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Figure 1.
Effects of pre-training OL-135 on acquisition of fear conditioning. Subjects were injected

with vehicle (n=12) or 5.6 (n=13) or 10.0 (n=12) mg/kg OL-135 prior to fear conditioning.
Both doses of OL-135 significantly impaired the subsequent expression of contextual fear
conditioning, but not the simultaneously acquired auditory fear conditioning. * = significant
from Vehicle, p<.05.
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Figure 2.
A) Effects of pre-training OL-135 on maximum shock reactivity during the acquisition of

fear conditioning. Maximum reactivity generally occurred during the first shock
presentation. .B): Effects of pre-training OL-135 on shock reactivity averaged across all
shocks during the acquisition of fear conditioning. There was no effect of drug dose on
movement during the shock.
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Figure 3.
There were no differences between post-training vehicle (n=8), 5.6 (n=7) or 10.0 (n=8)

mg/kg OL-135 injections on the subsequent expression of fear conditioning.
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