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Abstract

Rationale—Since the discovery of endogenous cannabinoid signaling, the number of studies
exploring its role in health and disease has increased exponentially. Fatty acid amide hydrolase
(FAAH), the enzyme responsible for degradation of the endocannabinoid anandamide, has emerged
as a promising target for anxiety-related disorders. FAAH inhibitors (e.g. URB597) increase brain
levels of anandamide and induce anxiolytic-like effects in rodents. Recent findings, however,
questioned the efficacy of URB597 as an anxiolytic.

Objectives—We tested here the hypothesis that conflicting findings are due to variations in the
stressfulness of experimental conditions employed in various studies.

Results—We found that URB597 (0.1-0.3mg/kg) did not produce anxiolytic effects when the
aversiveness of testing procedures was minimized by handling rats daily before experimentation, by
habituating them to the experimental room, or by employing low illumination during testing. In
contrast, URB597 had robust anxiolytic effects when the aversiveness of the testing environment
was increased by eliminating habituation to the experimental room or by employing bright lighting
conditions. Unlike URB597, the benzodiazepine chlordiazepoxide (5 mg/kg) had anxiolytic effects
under all testing conditions. The anxiolytic effects of URB597 were abolished by the cannabinoid
CB1-receptor antagonist AM251, showing that they were mediated by CB1 receptors. Close
inspection of experimental conditions employed in earlier reports suggests that conflicting findings
with URB597 can be explained by different testing conditions, such as those manipulated in the
present study.
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Conclusions—Our findings show that FAAH inhibition does not affect anxiety under mildly-
stressful circumstances but protects against the anxiogenic effects of aversive stimuli.
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Introduction

Since the discovery of the endocannabinoid system, a growing body of research has emerged
focusing on the role of this system in major psychiatric disorders, including anxiety (Leweke
and Koethe 2008; Pacher et al. 2006). Although it has been clearly demonstrated that
cannabinoid signaling is involved in the control of anxiety, it has been difficult to define the
exact role of this signaling because both anxiolytic- and anxiogenic-like effects have been
reported with both cannabinoid agonists and antagonists (Viveros et al. 2005; Witkin et al.
2005). These discrepancies might be explained by the brain distribution of cannabinoid CB1
receptors. Such receptors have been shown to affect both glutamatergic and GABAergic
mechanisms (Hajos et al. 2001; Hajos and Freund 2002; Piomelli 2003), which play opposite
roles in anxiety (Millan 2003). Therefore, the anxiety-related effects of cannabinoids depend
largely on the equilibrium between their effects on glutamatergic and GABAergic
neurotransmission (Haller et al. 2007).

In this context, indirect stimulation of cannabinoid signaling via inhibitors of enzymes
responsible for endocannabinoid degradation represents a promising approach for therapy.
Fatty acid amide hydrolase (FAAH) is the primary enzyme responsible for degrading
anandamide but does not degrade the other main endocannabinoid 2-arachidonyl glycerol, 2-
AG. The indirect stimulation of anandamide signaling by FAAH inhibitors is more selective
than direct cannabinoid agonism for two reasons. First, FAAH inhibitors do not directly affect
2-AG signaling, although there is recent evidence that increased anandamide signaling can
lead to compensatory decreases in 2-AG signaling under some conditions (Di Marzo and
Maccarrone 2008; Justinoval et al. 2008; Maccarrone et al. 2008). Second, FAAH inhibitors
promote anandamide signaling only when and where it is already occurring, and do not directly
induce it. It has been suggested that URB597 enhances the tonic actions of anandamide on a
subset of CB1 receptors that are normally engaged in controlling emotions (Piomelli et al.
2006).

In the first study testing the hypothesis that URB597 should have therapeutic effects on anxiety,
the compound met these expectations as it reduced anxiety-like behavior of Wistar rats in the
elevated zero-maze test, and also reduced pups’ ultrasonic vocalizations (Kathuria et al.
2003). Later research confirmed these early findings, showing that URB597 can reduce
anxiety-like behavior in a variety of species and strains, and in a variety of anxiety tests
(Cippitelli et al. 2008, Scherma et al. 2008; Moreira et al. 2008; Hill et al. 2007; Patel and
Hillard 2006; Rubino et al. 2008).

Although these findings provide strong evidence that URB597 can have anxiolytic effects,
there have also been discrepant findings in certain studies, as follows: (i) URB597 was
sometimes found to have no effect on anxiety, or produced anxiolytic effects only under very
specific conditions (Naderi et al. 2008; Naidu et al. 2007). (ii) The compound was sometimes
found to decrease anxiety in certain tests but was ineffective in others, even within the same
study. For example, Moreira et al. (2008) found that URB597 decreased anxiety in the elevated
plus-maze but not in the light/dark box. This failure to detect anxiolytic effects cannot be
attributed to the light/dark test paradigm per se, as the compound did have anxiolytic effects
in the light/dark test in other studies (Scherma et al. 2008). (iii) When the compound was found
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to decrease anxiety, there were sometimes discrepant findings regarding the effective doses
(Cippitelli et al. 2008; Hill et al. 2007; Kathuria et al. 2003; Patel and Hillard 2006; Scherma
et al. 2008; Moreira et al. 2008).

Discrepancies such as these are not unusual in anxiety research (see Haller et al. 2004a, a nd
Rodgers 1997 for reviews). However, the reasons for these conflicting results are less
understood in the case of URB597 than with other compounds. Some of the discrepancies
might be explained by an interaction between anandamide and the transient receptor potential
vanilloid 1 (TRPV1) receptor (Rubino et al. 2008). Yet this does not explain discrepant results
reported by the same group in the same study performed in similar subjects or within the same
kind of test. A more likely explanation is that the effects of URB597 depend largely on the
experimental conditions. This conclusion is directly supported by the study performed by
Naidu et al. (2007), where the anxiolytic effect of URB597 became evident only when the
illumination differed in the open and closed arms of the plus-maze. A context-dependent effect
of URB597 was also reported by Trezza and VVanderschuren (2008) who found that the increase
in social play induced by the FAAH inhibitor URB597 was influenced by the level of social
activity exhibited by the partner, whereas that induced by WIN-55,212 and morphine was not.

The manipulation of cannabinoid neurotransmission by means other than FAAH inhibition can
also lead to context dependent effects on anxiety. Such context-dependent effects were noticed
in CB1-KO mice, as well as with the cannabinoid agonist HU-210, and the antagonist
rimonabant (Haller et al. 2004b; Hill and Gorzalka 2004; Rodgers et al. 2003). In tests unrelated
to anxiety, cannabinoids have been found to have context-dependent effects on a host of
measures, including cocaine sensitization, hypothalamic-pituitary axis (HPA) modulation,
locomotion and basal ganglia activation, central amygdala activation, and place preference in
the water maze (Gerdeman et al. 2007; Patel et al. 2004; Patel et al. 2005; Robinson et al.
2003; Shi et al. 2005).

Taken together, the studies briefly reviewed above suggest that the effects of cannabinoid
treatments (including those induced by FAAH inhibition) are strongly dependent on
environmental factors. Thus, we hypothesized that discrepancies in the findings previously
obtained with URB599 in tests of anxiety can be explained by differences in testing conditions.
To test this hypothesis, we studied the anxiety-related effects of URB597 in environments with
differing degree of aversiveness. To determine whether the effects of these manipulations are
specific to URB597 or whether they also apply to the anxiolytic effects of drugs from other
pharmacological classes, we also tested the efficacy of the benzodiazepine chlordiazepoxide
under non-aversive and aversive conditions. Finally, we checked whether the aversive
environments used in this study were able to affect HPA-axis responses to plus-maze exposure.

Materials and Methods

Animals

Subjects were 3 month-old male Sprague-Dawley rats provided by Charles River Laboratories
(Budapest, Hungary), and weighing 319.5+2.1 g. The weight of rats employed in different
experiments was similar; the largest weight difference was between the rats used in Experiment
1 (3059 on average) and those used in Experiment 4 (327g on average), a difference of only
about 7%. In all experiments, laboratory food (Charles River Laboratories) and water were
available ad libitum, while temperature and relative humidity were kept at 22+2 °C and 60
+10%, respectively. A light/dark cycle of 12 hours was ensured with lights on at 0700h. All
rats were housed in 1354G Eurostandard Type 4 cages (59.5x38%22 cm) in groups of 4.
Acclimatization to housing conditions lasted at least one week. All rats were handled for 2-3
min on each of the 5 days that preceded behavioral testing. All subjects were experimentally
naive and used in only one experiment each (with no drug history prior to the experiment).
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Experiments were carried out in accordance with the European Communities Council Directive
of 24 November 1986 (86/609/EEC) and were reviewed and approved by the Animal Welfare
Committee of the Institute of Experimental Medicine.

Behavioral testing

The elevated plus-maze was made of dark grey painted wood (arm length 50 cm, arm width
17 cm, wall height 30 cm and platform height 80cm). The apparatus was illuminated either by
four 40W neon lamps (high light condition; 200 Ix at maze level) or by a red lamp of 40 W
(low light condition; approximately 1 Ix at maze level). Subjects were placed in the central
area of the apparatus with head facing a closed arm. Exposure lasted 5min. Closed-arm entries
(expressed as counts/5 min) were considered indicators of locomotor activity, whereas open-
arm exploration was used as a measure of anxiety (Pellow et al 1985). Open arm exploration
was characterized by two variables: the duration of open arm visits (expressed as % of total
time), and % open arm entries (open arm entries/total arm entries*100). Behavior was video
recorded by a camera placed 1.8m above the elevated plus-maze, and was scored later by an
experimenter blind to the treatments. All experiments were scored by the same experimenter.
Intra-rater reliability was over 90%.

Drugs and doses

URB597 was dissolved in 0.2 ml dimethylsulfoxide (DMSO), which was diluted to the final
volume with saline that contained 0.4% methylcellulose, a biologically neutral solvent. The
doses employed (vehicle, 0.1, and 0.3 mg/kg) were selected based on earlier findings (Kathuria
et al. 2003; Naderi et al. 2008; Scherma et al. 2008; Hill et al. 2007; Naidu et al. 2007, Patel
and Hillard 2006). AM-251 was also dissolved in 0.2 ml DMSO diluted to the final volume
with 0.4% methylcellulose in saline. Earlier we observed that two consecutive injections
slightly alter behavior compared to when one injection is given; therefore, AM251 and URB597
were administered via the same injection when given as a combined treatment. The injected
volume was similar to that of single treatments. The AM251 dose (1 mg/kg) was selected based
on earlier experience (Haller et al. 2007) in which this dose of AM251 per se was without
effect in rats, but interfered with the effects of the cannabinoid agonist WIN-55,212.
Chlordiazepoxide was dissolved in 0.4% methylcellulose in saline. The doses applied were 1,
2, 3,4, 5and 6 mg/kg. All drugs were obtained from Sigma (Budapest, Hungary), and were
injected intraperitoneally in a volume of 1 ml/kg.

Hormone assays

Blood was collected on ice-cold Eppendorf tubes containing 20 pl 20% sodium-EDTA and
centrifuged at 3000 rpm/min for 20 min at —4 °C. The plasma was stored at —20 °C till the
hormone assays. Plasma ACTH was measured by RIA in 50 pl unextracted plasma as described
earlier (Zelena et al., 1999). The ACTH antibody was raised in rabbit in the Institute of
Experimental Medicine, Hungarian Academy of Sciences (Budapest, Hungary) and was
directed against the middle part of the h-ACTH;_3g molecule. The sample no. 8514 was used.
The antibody is highly specific, showing 0.2% cross-reaction with a-MSH, and no significant
cross-reaction with y-MSH, corticotropin-like intermediate lobe peptide, ACTH11_04,
ACTHy5_39, ACTH1_14, and ACTH1_19. The intra-assay coefficient of variation was 7.23%.
All samples were assessed in the same RIA.

Plasma corticosterone was measured in 10 ul unextracted plasma by a RIA using a specific
antibody developed in our institute as described earlier (Zelena et al., 2003). The corticosterone
antibody was raised in rabbits against B-carboxymethyloxime BSA. 12°|-labeled B-
carboxymethyloxime-tyrosine methyl ester was used as tracer. The interference from plasma
transcortin was eliminated by inactivating transcortin at a low pH. Assay sensitivity was 1
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pmol. The intra-assay coefficient of variation was 7.5%. All samples were measured in one
RIA.

Experimental design

General procedure—The general experimental conditions applied here were similar to
those in which anxiolytic effects of URB597 were demonstrated earlier (Scherma et al.
2008). Rats were acclimatized to housing conditions for at least one week. On the last 5 days
of acclimatization, each rat was handled daily for 2-3 min. The experiments were performed
in the early hours of the light phase, i.e. between 0900-1200h. A subset of rats was habituated
to the test room for 2h (i.e. between 0700-0900h) on the test day. Habituation consisted of
transferring the wheeled cage racks from the maintenance room to the testing room. After 2h
of habituation, rats received treatments intraperitoneally, and were exposed to the elevated
plus-maze 40min later. Treatments were administered in a random order. Non-habituated rats
remained in their maintenance rooms where they received treatments, and were transferred to
the test room immediately prior to testing. The timing of treatments and testing was similar in
the two groups.

Experiment 1 was designed to test whether the experimental conditions under which URB597
decreased anxiety in the light/dark box would lead to a similar effect in the elevated plus maze.
In this experiment, all rats were habituated to the testing environment and were tested under
high light. Sample size was 13-14 per group.

In Experiment 2, we mimicked the light intensity changes to which rats were inherently exposed
in the light-dark box. Since URB597 had minimal effects on behavior in Experiment 1, and
illumination has been reported to strongly influence the anxiety-related effects of URB597-
treated rats in various contexts (see e.g. Naidu et al. 2007), we hypothesized that the anxiolytic
effects of URB597 would be revealed in the plus maze if the lighting-related aspects of the
light/dark test were incorporated into the experimental conditions. Rats were again habituated
to the test room, and their plus-maze testing started under high light. One min later, however,
the white lamps were switched off, while red lamps were switched on. As a consequence, rats
underwent dramatic light intensity changes during testing (from 200 Ix light intensity down to
1 1x). Sample size was 13-14 per group.

Experiment 3 tested the impact of habituation to the testing environment on the anxiolytic
efficacy of URB597. In Experiment 2, the compound had a robust anxiolytic effect. We
hypothesized that this increase in efficacy was not related to light per se, but was induced by
the aversiveness of the testing environment. In Experiment 3, aversiveness of the testing
environment was increased by omitting the habituation to the test room rather than by changing
lighting conditions. The rats tested here were transferred to the testing room immediately before
testing, and were studied under high light conditions. Sample size was 12-14 per group.

Experiment 4 was performed to assess the CB1 receptor dependency of the anxiolytic effects
noticed in Experiment 3. In this experiment, rats received the following treatments: vehicle,
the CB1-receptor antagonist AM-251 (1 mg/kg), URB597 (0.3 mg/kg), and combination
treatment with 1 mg/kg AM-251 and 0.3 mg/kg URB597. Sample size was 9-11 per group.

In Experiment 5, we studied the effects of URB597 under both low and high light conditions
in rats that were not habituated to the testing room. We hypothesized that anxiolytic effects
would not be detected under the less aversive low light condition, but would occur under the
more aversive high light condition. Rats received either vehicle or URB 0.3 mg/kg, with half
of the rats tested under low light (1 Ix) and the other half tested under high light (200 Ix)
condition. Both pharmacological treatment and illumination schemes were applied in arandom
order using a factorial design. Sample size was 10 per group.
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Experiment 6 aimed at testing the effects of the benzodiazepine chlordiazepoxide under the
conditions employed for URB597 in Experiment 5. Rats were not habituated to the testing
room. In Experiment 6a, we established the dose-response curve of chlordiazepoxide by
treating rats with 1, 2, 3, 4 and 6 mg/kg chlordiazepoxide under the high light (200 Ix) condition.
Thirty min after treatments, rats were tested in the plus-maze without habituation to the testing
environment. Sample size was 14 per group. In Experiment 6b, rats received 5 mg/kg
chlordiazepoxide or vehicle and were then tested either under the low (1 Ix) or under the high
light (200 Ix) condition. Treatments and light conditions were randomized. Sample size was
10 per group.

The interaction between the aversiveness of the testing environment and stress responses was
studied in Experiment 7. The following groups were employed: non-handled controls (rats left
undisturbed in their home-cage throughout); handled control (rats daily handled as described
above, but not exposed to the plus-maze); habituated, plus-maze-exposed (handled rats
habituated to the testing environment as described in Experiment 1, and exposed to the plus-
maze); non-habituated, plus-maze exposed (handled rats transferred to the testing room
immediately before testing). The experiment was performed under high light. Sample size was
9-10 per group. Trunk blood was sampled 15 min after the start of plus-maze exposure to
determine the plasma levels of corticosterone and ACTH. Blood sampling from non-exposed
controls was intercalated. The order of testing and blood sampling was randomized.

Data were presented as mean * the standard error of the mean. Behavioral differences were
evaluated by Kruskal-Wallis ANOVA for Experiments 1-4 and 6a. Experiment 5 and 6b
required a two-factorial approach. Data were square root transformed to fulfill ANOVA
requirements. Two factor ANOVA was performed on transformed data. Factor 1 was
pharmacological treatment, whereas Factor 2 was the light condition. Hormone levels
(Experiment 7) were evaluated by ANOVA without data transformation. P values lower than
0.05 were considered to indicate statistically significant differences. Pairwise comparisons
were also run when the ANOVA analysis revealed significant main effects. Post-hoc
comparisons with the Bonferroni-Holm correction procedure(maintaining an experiment-wise
significance level of .05) were performed via the Mann-Whitney U test (Experiments 1-4 and
6a), and the Fischer LSD test (Experiment 5, 6b and 7).

In rats habituated to the testing environment for 2h and tested under high light, URB597 did
not affect plus-maze behavior significantly (Experiment 1; Fig. 1A). Closed arm entries showed
minimal changes (H(2,40)= 3.61; p> 0.2). Open arm exploration was not significantly affected
(%time open arms: H(2,40)= 1.61; p> 0.4; % open arm entries: H(2,40)= 2.66; p> 0.2).

In contrast, URB597 treatment significantly decreased anxiety-like behavior when the
illumination dropped from 200 to 1 Ix during testing (Experiment 2; Fig. 1B). Under these
conditions, the compound dose-dependently increased both measures, the duration of openarm
visits (expressed as % of total testing time; H(2,42)= 6.46; p< 0.04), and % open arm entries
(H(2,42)=8.83; p< 0.02). Closed arm entries were not affected (H(2,42)= 2.07; p> 0.4).

The strong interaction between a stressful event (change in illumination) and the efficacy of
URB597 prompted the next study (Experiment 3), where the aversiveness of the testing
environment was increased by eliminating habituation to the testing environment. Under these
conditions, URB597 again significantly reduced anxiety-like behaviors (Fig. 2A). The duration
of open arm visits was significantly increased (H(2,39)= 6.17; p< 0.05), and a similar trend
was noticed for % open arm entries (H(2,39)= 5.06; p= 0.08). Closed arm entries were not
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affected (H(2,39)= 0.29; p> 0.8). The effect of URB597 in non-habituated rats was CB1
receptor dependent (Experiment 4), as the CB1 blocker AM-251 abolished it (Fig. 2B). Closed
arm entries were not affected by either treatment (H(3,40)= 2.7; p> 0.4), while open arm
exploration was significantly changed (time spent in open arms: H(3,40)= 8.06; p< 0.04; %
open arm entries: H(3,40)= 8.31; p< 0.04). In post-hoc comparisons, URB-597 (0.3 mg/kg)
significantly increased both measures. AM-251 (1 mg/kg) alone had no significant effect on
any of the behaviors, but abolished the effects of URB597 when the two compounds were
administered together (Fig. 2B).

In Experiment 5, we tested the effects of 0.3 mg/kg URB597 under high light and low light
conditions in rats that were not habituated to the testing environment. Closed arm entries,
indicators of locomotor activity, were higher under low light as compared with high light
(Flighting(1,35)= 13.27; p< 0.001). URB597 did not affect locomotion (Fireatment(1,35)= 0.13;
p> 0.7; Finteraction(1,35)= 1.27; p> 0.2) (Fig. 3). The effects of the lighting condition and
URB597 interacted significantly in the case of open arm exploration (% time open arms:
Finteraction(1,35)= 3.99; p= 0.05; and % open arm entries (Finteraction(1,35)= 4.45; p< 0.04).
Post-hoc comparisons revealed that in controls, both measures (the duration of open arm visits
and % open entries) were higher under low light as compared with high light (p values were
between 0.002 and 0.0001 in post-hoc comparisons). In contrast, under low light, there was no
difference between the level of open arm exploration shown by vehicle and URB597-treated
rats. Thus, URB597 only produced anxiolytic-like effects in high light in Experiment 5.

Chlordiazepoxide dose-dependently decreased anxiety (% open entries: F(5,86)= 15.51; p<
0.001; %time open arms: F(5,86)= 24.57; p< 0.001) without affecting locomotion (F(5,86)=
5.57; p>0.3) (Fig. 4A). In Experiment 6b, high light decreased locomotion, a variable that was
not affected by chlordiazepoxide (Fjight condition(1,36)= 13.84, p< 0.001; Fyreatment(1,36)=0.45,
p>0.4; Finteraction(1,36)=0.30, p> 0.5) (Fig. 4B). % open arm entries were significantly affected
by light (Fiight condition(1,36)= 10.46; p< 0.01) and treatment (Fireatment(1,36)= 4.84; p< 0.4),
but the interaction between factors was not significant (Finteraction(1,36)= 1.52; p> 0.2). Light
decreased while chlordiazepoxide increased this variable. The time spent on the open arms was
significantly affected by both light (Fjight condition(1,36)= 18.86; p< 0.001) and treatment
(Ftreatment(1,36)= 23.85; p< 0.001). The interaction showed a trend (Finteraction(1,36)= 3.03; p=
0.09). Chlordiazepoxide increased the duration of open arm exploration under both low and
high light conditions (p< 0.03 and p< 0.001, respectively).

Experiment 7 showed that the aversiveness of the testing environment significantly affected
stress responses (plasma ACTH: F(3,33)= 18.83; p< 0.0001; plasma corticosterone: F(3,33)=
79.08; p< 0.0001) (Fig. 5). Handling history had no effect on the plasma levels of stress
hormones. Plus-maze exposure increased plasma ACTH and corticosterone levels in both
habituated and not habituated rats. Yet, the increase was significantly larger in rats not
habituated to the testing environment as compared to those that were habituated.

Discussion

A continuing challenge for preclinical research on anxiolytic drugs is to capture the affective
dimension that characterizes anxiety. It has been proposed that exposure to aversive
environmental events provides unique insight into the affective features of behavior (Miczek
et al., 1995). Here we investigated the impact of the environment on the anxiolytic efficacy of
the FAAH inhibitor URB597 and found that this efficacy was strongly dependent on the
conditions of testing. Anxiolytic effects were not detected under non-challenging conditions,
for example when rats were tested under low light (Experiment 5) or were habituated to the
testing environment (Experiment 1). In contrast, robust anxiolytic effects of URB597 were
observed when rats were tested under high light without habituation (Experiment 3, 4, 5), or
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when habituated rats were submitted to sudden changes in illumination during testing
(Experiment 2). It is noteworthy that non-habituation to the testing environment significantly
increased the activation of the HPA-axis, confirming the aversiveness of the conditions
employed (Experiment 7). Furthermore, the effects of URB597 were mediated by CB1
receptors, as the CB1 antagonist AM-251 abolished the anxiolytic effects of URB597.
Locomotion was not affected by URB597 under any condition. Thus, FAAH inhibition did not
affect behavior under non-stressful circumstances but protected against the anxiogenic effects
of stressful stimuli and circumstances (e.g. sudden changes in light and unfamiliar
environments). In contrast, the aversiveness of the testing environment did not affect the
efficacy of chlordiazepoxide. Taken together, these findings suggest that FAAH inhibition by
URB-597 normalizes stress-induced anxiety while CDP is similarly effective in high and low
anxiety-provoking conditions.

A potential explanation for some of these results is that the reduced response to stress may be
due to changes in light perception, as in 2 of the 5 experiments the stress factor involved the
manipulation of lighting (Experiments 2 and 5). Lighting also affected the efficacy of
cannabinoid treatments in earlier experiments (Haller et al. 2004b; Naidu et al. 2007).
Furthermore, cannabinoid signaling may indeed affect vision via CB1 receptors (Lalonde et
al. 2006; Opere et al. 2006; Romano and Lograno 2007). However, in our experiments the
anxiety-related effects of cannabinoids were also strongly affected by a factor not related to
lighting, namely habituation, which involves at least three sensory modalities, vision, hearing,
and olfaction. Most importantly, URB597 did not alter the locomotor suppressant effects of
high light, even when it abolished its anxiogenic effects (Experiment 5). Taken together, these
findings indicate that the context-dependent anxiolytic effect of URB597 was not due to
impaired light perception.

Interactions between experimental conditions and cannabinoid treatments (including URB597)
have been reported in a variety of behavioral paradigms (Gerdeman et al. 2007; Haller et al.
2004b, Hill and Gorzalka 2004; Naidu et al. 2007; Patel et al. 2004; Patel et al. 2005; Robinson
et al. 2003; Shi et al. 2005; Trezza and Vanderschuren 2008). Earlier studies linking stress
responses and cannabinoid signaling appear especially important for the present study. We
previously showed that mice with genetically disrupted cannabinoid signaling show increased
anxiety, but this effect was only seen under stressful conditions; moreover, anxiety was
expressed in conjunction with an increased HPA axis function (Haller et al. 2004). Somewhat
similar findings were obtained by Patel et al. (2004). In their studies with rats, CB1 receptor
blockade enhanced glucocorticoid secretion induced by restraint stress, while the FAAH
inhibitor URB597 strongly decreased glucocorticoid secretion induced by restraint stress. In a
subsequent study, the same authors showed that endocannabinoid activation opposes the
behavioral responses (i.e., active escape during restraint) and neuronal responses (i.e., restraint-
induced c-Fos activation) to stress (Patel et al. 2005). These studies support the notion that
cannabinoid neurotransmission moderates the effects of stress in experimental animals, and
this ameliorating effect can be demonstrated at the behavioral, endocrine, and neural levels.
Similar findings were obtained by Griebel et al. (2005) who compared the effects of rimonabant
in various models of anxiety, and concluded that the endocannabinoid system may be primarily
involved in the adaptive responses to unavoidable stressful stimuli.

Our study suggests that the anxiolytic effects of URB-597 are revealed by the combination of
non-habituation and high light, because: (i) high light per se was insufficient to unmask the
anxiolytic effects of the compound (Experiment 1), (ii) URB-597 was unable to decrease
anxiety in non-habituated animals tested under low light (thus, non-habituation per se was not
sufficient; see Experiment 5), but (iii) the compound was strongly anxiolytic when tested in
non-habituated animals under high light (Experiment 3). Based on earlier studies, however,
one can tentatively hypothesize that high light per se may be sufficient to reveal the anxiolytic
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effects of URB-597 in other strains or species. The open arms of the plus-maze were shown
to become aversive only above 3 Ix light intensity in Wistar rats; thus, the exploration of open
and closed arms was similar in this strain at the light level applied in our experiments (1 1x)
(Garciaet al., 2005). This was not seen in Sprague Dawley rats where open arm avoidance was
not eliminated at 1 Ix. Thus, the aversive nature of light may be strain-dependent, which
suggests a similarly strain-dependent interaction between light as an aversive stimulus and
URB597 efficacy.

Earlier studies indirectly support our findings on the dependence of URB-597 effects on the
aversiveness of the testing environment. Naidu et al. (2007) and Naderi et al. (2008) allowed
subjects to habituate to the testing environment and found no anxiolytic effects at doses which
were effective in other studies. Anxiolytic effects were seen only when the testing environment
was made aversive by bright light focused on the open arms of the plus-maze Naidu et al.
(2007). In the study by Patel and Hillard (2006), subjects were habituated to the testing
environment, and URB597 decreased anxiety. In these studies, however, the elevated plus-
maze was lit by a 1.8 m standing light pole, which was placed next to a wall about 2-3 feet
from the plus maze (personal communication by Patel S.). Thus, the light reached the plus-
maze at an angle of 20-30 degrees. The walls of the closed arms shadowed the runway of the
closed arms, which produced a visible light contrast between the open and closed arms. This
probably made open arm visits more challenging than under center overhead lighting. In
experiments where anxiolytic effects of URB597 were obtained, no habituation was allowed
(Kathuria et al. 2003; Hill et al. 2007; Moreira et al. 2008), subjects were housed individually,
which per se increases anxiety (Moreira et al. 2008; Lewejohann et al. 2006), or the compound
was administered during alcohol withdrawal, which also increases anxiety (Cippitelli et al.
2008). In the study by Rubino et al. (2008), URB597 was microinjected into the prefrontal
cortex, a procedure that was likely aversive as well. Somewhat surprisingly, URB597
decreased anxiety in the study by Scherma et al. (2008), where precautions were taken to
minimize the aversiveness of the testing procedure by daily handling of rats before experiments
and by familiarizing them with the experimental room. Yet, these authors employed the light-
dark test of anxiety, which involves transitions from dimly to brightly lit compartments. When
we mimicked these sudden changes in illumination, URB597 readily decreased anxiety in the
elevated plus-maze as well (Experiment 2). Taken together, these considerations suggest that
the anxiolytic efficacy of URB597 is strongly enhanced by aversive circumstances, like
unfamiliarity with the testing environment, individual housing, sudden changes in light levels,
drug withdrawal, and microinjection-related manipulations.

The findings reviewed above show that FAAH inhibition produces cannabinoid activation that
dampens various effects of stress exposure, and a closer look at the experimental conditions
of previous studies suggests that FAAH inhibition decreased anxiety in experiments where the
testing environment or other experimental conditions were aversive. These two lines of
reasoning imply that URB597 is especially effective as an anxiolytic under stressful conditions.
Yet, this assumption has never been investigated systematically until now. Here we show for
the first time that FAAH inhibition produces robust anxiolytic effects only when the testing
procedure involves relatively aversive conditions, suggesting that the compound can
effectively counteract the anxiogenic effects of stressful stimuli.
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Fig. 1.
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The effects of URB597 in the elevated plus-maze. A, Effects seen under continuous high light
(Experiment 1); B, Behavior shown when the level of light underwent a sudden change during
testing (Experiment 2). *, significantly different from vehicle control.
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Fig. 2.

The elevated plus-maze behavior of rats that were not habituated to the testing environment.
A, the effects of URB597 (Experiment 3); B, the effects of the cannabinoid antagonist AM251
on anxiolysis produced by URB597 (Experiment 4). *, significantly different from vehicle
control (p< 0.05).
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Fig. 3.

The effects of URB597 in the elevated plus-maze under low and high illumination (Experiment
5). *, significant effect of light; #, significant effect of URB597 treatment (p< 0.05).
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The effects of chlordiazepoxide in the elevated plus-maze under low and high illumination.
A, dose-response curve (Experiment 6a); B, interaction with light conditions (Experiment
6b). *, significant effect of light; #, significant effect of chlordiazepoxide (p< 0.05).
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handled, plus-maze-exposed, habituated

handled, plus-maze-exposed, not habituated

The effect of experimental conditions on plasma ACTH and corticosterone levels (Experiment
7). *, significantly different from both controls (p< 0.0001); *, significantly different from not
handled control (p< 0.001) but not different from handled control; # significantly different
from habituated, plus-maze-exposed (p< 0.01).
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