UC San Diego
UC San Diego Previously Published Works

Title

The effects of FAAH inhibition on the neural basis of anxiety-related processing in healthy
male subjects: a randomized clinical trial

Permalink

https://escholarship.org/uc/item/5chéwlw9

Journal
Neuropsychopharmacology, 46(5)

ISSN
0893-133X

Authors

Paulus, Martin P
Stein, Murray B
Simmons, Alan N

Publication Date
2021-04-01

DOI
10.1038/s41386-020-00936-w

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/5ch6w1w9
https://escholarship.org/uc/item/5ch6w1w9#author
https://escholarship.org
http://www.cdlib.org/

Neuropsychopharmacology

ARTICLE

www.nature.com/npp

q

Check for
updates

The effects of FAAH inhibition on the neural basis of
anxiety-related processing in healthy male subjects: a

randomized clinical trial

Martin P. Paulus "2, Murray B. Stein

3, Alan N. Simmons'*, Victoria B. Risbrough'*, Robin Halter® and Sandra R. Chaplan®

Acute pharmacological inhibition of the anandamide-degrading enzyme, fatty acid amide hydrolase (FAAH), prolongs the
regulatory effects of endocannabinoids and reverses the stress-induced anxiety state in a cannabinoid receptor-dependent manner.
However, the neural systems underlying this modulation are poorly understood. A single site, randomized, double-blind, placebo-
controlled, parallel study was conducted with 43 subjects assigned to receive once daily dosing of either placebo (n = 21) or JNJ-
42165279 (100 mg) (n = 22) for 4 consecutive days. Pharmacodynamic effects were assessed on the last day of dosing and included
evaluation of brain activation patterns using BOLD fMRI during an (1) emotion face-processing task, (2) inspiratory breathing load
task, and (3) fear conditioning and extinction task. JNJ-42165279 attenuated activation in the amygdala, bilateral anterior cingulate,
and bilateral insula during the emotion face-processing task consistent with effects previously observed with anxiolytic agents.
Higher levels of anandamide were associated with greater attenuation in bilateral anterior cingulate and left insula. JNJ-42165279
increased the activation during anticipation of an aversive interoceptive event in the anterior cingulate and bilateral anterior insula
and right inferior frontal cortex. JNJ-42165279 did not affect fear conditioning or within-session extinction learning as evidenced by
a lack of differences on a subjective and neural circuit level. Taken together, these results support the hypothesis that JNJ-42165279
at this dose shares some effects with existing anxiolytic agents in dampening response to emotional stimuli but not responses to

conditioned fear.

Neuropsychopharmacology (2021) 46:1011-1019; https://doi.org/10.1038/541386-020-00936-w

INTRODUCTION
Anxiety disorders are the most common mental health problem
[1], with a lifetime prevalence of ~33% [2]. Anxiety disorders are
the sixth leading cause of disability world-wide and show no signs
of reduced burden over recent years [3]. Unfortunately, existing
treatments are only partially effective for most patients (e.g., [4, 5]),
which further exacerbates the cost and suffering associated with
these disorders. The endocannabinoid (eCB) system is considered
an integral regulator of the stress response [6]. Stress down-
regulates cannabinoid type 1 (CB1) receptors, reduces anandamide
(arachidonoylethanolamine, AEA), and increases 2-arachidonoyl
glycerol [7]. Several investigators have proposed that eCB signaling
seems to determine the value of aversive stimuli and thereby
helps to tune adaptive behavioral responses, which are essential
for the organism’s long-term viability, homeostasis, and stress
resilience [8]. Interestingly, the eCB system intersects at the
hypothalamic—pituitary axis with the CRF-containing nerve fibers
[9]. Thus, targeting the eCB system represents an attractive and
novel approach to the treatment of anxiety- and stressor-related
disorders such as posttraumatic stress disorder (PTSD) [10].

Acute pharmacological inhibition of the anandamide-degrading
enzyme, fatty acid amide hydrolase (FAAH) acts to prolong the
regulatory effects of the eCB and reverses the stress-induced

anxiety state in a cannabinoid receptor-dependent manner [11].
Mice deficient in FAAH are resistant to stress-induced changes in
amygdala structure and function [12] and several animal studies
show that activation of CB1 receptors reduces fear expression
[13, 14]. Kathuria et al. [15] showed that FAAH inhibitors URB597
and URB532 evoked anxiolytic responses in the elevated zero-plus
maze and the ultrasonic rat pup vocalization test. FAAH inhibitors
prevent stress-induced reductions in AEA and associated increases
in basolateral amygdala dendritic hypertrophy and anxiety-like
behavior. Additionally, inhibition of FAAH facilitates long-term fear
extinction and rescues deficient fear extinction in rodent models
[13] and in humans [16]. Finally, others [15, 17] reported that the
FAAH inhibitor PF-3845 decreased mouse marble burying. There-
fore, it has been hypothesized that inhibition of FAAH and the
resulting accumulation of fatty acid amides may have anxiolytic
effect in humans, which may be due to accumulation of eCBs
acting on the CB1 cannabinoid receptor. Moreover, it has been
proposed this mechanism may be particularly useful in the
treatment of disorders marked by fear responses that are difficult
to extinguish, e.g., memories of a traumatic event in PTSD [18, 19].
Taken together, these studies provide a basis for testing whether a
FAAH inhibitor could be useful in the treatment of anxiety and
stressor-related disorders [20].
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The development of new therapeutics based on neuroscience
approaches to understand the pathophysiology of these illnesses
has stalled [21]. The National Institute of Mental Health began the
Research Domain Criteria (RDoC) project in 2009 to develop a
research classification system for mental disorders based upon
neurobiology and observable behavior [22]. Negative affect
systems are dimensions of psychopathology identified by the
RDoC work groups [23, 24], with acute threat (fear) and potential
harm (anxiety) central constructs within the negative valence
system. One approach to measuring response to threat is via fear
conditioning, which involves excitatory learning of CS-US associa-
tions [25, 26]. Research on fear learning uniquely adapts to
translational neuroscience contexts because we understand with
great precision the relevant neural processes in many species,
including humans. The brain regions that have most consistently
been associated with fear conditioning are the amygdala [27-31]
and insular cortex [32]. Increased activity in the amygdala and
insula are typically observed in response to the CS during
conditioning. A second approach to measuring threat is via
unconditioned affective/arousal response. One approach to
measure unconditioned affective/arousal response is to present
emotional faces to participants and have them discriminate the
emotional expression [33]. This type of task is associated with an
increased amygdala and insula activation during viewing of fearful
faces and is consistently associated with increased anxiety
symptoms across mood and anxiety disorders [34]. Threat circuit
activation during emotional face processing is also highly sensitive
to anxiolytic medications [35]. Another domain—Iless explored by
the RDoC approach but highly relevant for anxiety-related
processing [36]—is interoception, which comprises receiving,
processing, and integrating body-relevant signals together with
external stimuli to affect motivated behavior [37, 38]. Interocep-
tion circuits comprise peripheral receptors [39], c-fiber afferents,
spino-thalamic projections, specific thalamic nuclei, posterior and
anterior insula as the limbic sensory cortex, and anterior cingulate
cortex (ACC) as the limbic motor cortex (for reviews see [40, 41]).
Interoception is sensitive to cannabis, which may play a role in its
anxiolytic effects [42].

INJ-42165279 is an aryl piperazinyl urea inhibitor of FAAH,
which is highly selective with regard to other enzymes, ion
channels, transporters, and receptors [43]. This study applied
functional magnetic resonance imaging (fMRI) using blood-
oxygen-level-dependent (BOLD) contrasts to characterize the
effects of FAAH inhibition with JNJ-42165279 on three behavioral
tasks in healthy male volunteers. Specifically, we used an emotion
face-processing task, an inspiratory breath load task which elicits
acutely aversive interoceptive sensations [44], and a fear
conditioning and extinction task, which has been shown to
robustly activate the neural pathways implicated in these
processes [45]. The primary objective was to determine whether
JNJ-42165279 100 mg administered once daily over 4 days affects
fMRI BOLD signals in the amygdala elicited by an emotion face-
processing task. The secondary objective was to determine
whether this drug affects fMRI BOLD signals in the amygdala,
during the extinction phase of a fear conditioning task and the
insula, elicited by an inspiratory breathing load task. We
hypothesized that JNJ-42165279 administration would be asso-
ciated with reduced fMRI BOLD signals in these target regions.

METHODS

Study overview

This study was approved by the UCSD IRB (protocol number
130116), each individual participating in this study signed an
informed consent and all adverse effects were reported to the UCSD
IRB. A previous Phase 1 study conducted by the sponsor included
29 healthy male subjects to evaluate the safety, pharmacokinetics,
and pharmacodynamic activity. Thus, the sponsor suggested to
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recruit males only for this single site, randomized by a prespecified
number code, double-blind, placebo-controlled, parallel study
(detailed study procedure can be found in the Supplementary
and time and events Supplementary Table 1). Forty-three subjects
were randomly assigned to receive once daily dosing of either
placebo or JNJ-42165279 (100 mg) for 4 consecutive days to achieve
a steady-state level. The dose was chosen because a single dose of
100 mg resulted in over 90% inhibition of FAAH activity in WBC for
about 24 h and the 4-day steady-state design was chosen based on
prior studies by the sponsor that showed mean terminal half-life
values for doses between 10 and 250 mg of 8.6 to 14 h, supporting
the idea that steady-state concentrations would be reached by the
third day of repeated administration. Subjects visited the clinic on
each of the 4 days at which time the study drug was administered
orally by designated study personnel at the study site. Pharmaco-
kinetic data and more detail about the compound are available in
the Supplementary. There was a clear separation of mean N-
arachidonoylethanolamine,  N-palmitoylethanolamide, and N-
oleoylethanolamide plasma concentrations between the FAAH
inhibitor and the placebo group (Supplementary Figs. 1 and 2).
Pharmacodynamic effects were assessed on the last day of dosing
and included evaluation of brain activation patterns using BOLD
fMRI during (1) emotion face-processing task (2) inspiratory
breathing load task, and (3) fear conditioning and extinction. The
effects were assessed in a-priori identified emotional brain
neurocircuitry consisting of (a) bilateral amygdala, (b) bilateral
insula, (c) bilateral medial prefrontal cortex (mPFC), and (d) ACC.
Questionnaires were used to evaluate changes in mood, and blood
biomarkers of FAAH inhibition were measured. A safety follow-up
visit occurred 7-14 days after administration of the last dose of
study drug.

Subjects

Male participants between 18 and 45 years of age with a body
mass index between 18 and 30 kg/m? who were in good general
health and exhibited sufficient proficiency in English language to
understand and complete interviews, questionnaires, and all other
study procedures were recruited between August 2013 and
August 2014, Sexually active males were required to agree to use a
condom during the study and for 3 months after receiving the last
dose of study drug. Each subject was genotyped and the results
with respect to rs324420 SNP are provided in the Supplementary
Table 2 and Supplementary Fig. 3. Exclusion criteria consisted of:
(1) history of liver or renal insufficiency; glaucoma; significant
cardiac, vascular, pulmonary, gastrointestinal, endocrine, neurolo-
gic, hematologic, rheumatologic, or metabolic disturbance; or any
other condition that, in the opinion of the investigator, would
make participation not be in the best interest of the subject or
that could prevent, limit, or confound the protocol-specified
assessments; (2) met DSM IV criteria for any Axis | disorder; (3) had
contraindication(s) to MRI, (4) had active suicidal ideation; (5) had
a history (including family) of motor tics or diagnosis of Tourette’s
syndrome; (6) had recurrent severe headache or migraine, fainting
spells, or seizures, or has a history of severe traumatic brain injury;
(7) had a history of malignancy within 5 years before screening; (8)
had corrected QT interval greater than 445 ms at screening; (9)
had smoked an average of more than five cigarettes per day over
the past month; (10) had known allergies, hypersensitivity, or
intolerance to hypromellose (suspension for the drug administra-
tion); (11) had used prohibited concomitant therapy prior to the
planned first dose; (12) had received an investigational drug or
used an invasive investigational medical device within 1 month or
a period less than 5 times the drug’s half-life; (13) had a positive
test for drugs of abuse, including cannabis, at screening or Day 1;
(14) had a positive test for human immunodeficiency virus,
hepatitis B, or hepatitis C; (15) had substance or alcohol
dependence within the past year; (16) had habitual caffeine
consumption of more than 400 mg/d.

Neuropsychopharmacology (2021) 46:1011-1019



Procedures

Emotion face-processing task. During fMRI, each subject was
tested on a modified [35] version of the emotion face-processing
task, which is described in detail here [46].

Inspiratory breathing load task. Participants completed a well-
validated inspiratory breathing load fMRI paradigm [47]. (for
details see Supplementary). The main dependent measures of
interest were reaction time (RT), accuracy, and brain activation
during the anticipation, breathing load, and postbreathing load
conditions relative to the baseline condition.

Fear conditioning/extinction task (based on a task by Sehlmeyer
et al. [45, 48]). Prior to scanning, detailed task instructions were
given and participants were familiarized with the task. In a
differential conditioning paradigm, pictures of two different fractal
stimuli served as conditioned stimuli (CS—, CS+). The experiment
was divided into three phases. (1) during habituation, each CS was
shown five times without US. (2) During each of the two
acquisition phases the subject saw 15 CS—, 15 CS+ without US
(CS+ unpaired) and five CS+ with US (CS+ paired) trials. In this
25% partial reinforcement schedule, the unconditioned stimulus
(US) was a loud scream. (3) In the extinction phase, 25 CS+
unpaired and 25 CS- trials were presented (details are described
in the Supplementary).

Image analysis

Acquisition of images. All scans were performed on a 3T GE CXK4
Magnet (General Electric Medical. Systems, Milwaukee, WI) at the
UCSD Keck Imaging Center, which is equipped with eight high-
bandwidth receivers that allow for shorter readout times and
reduced signal distortions and ventromedial signal dropout. Each
1-h session consisted of a 3-plane scout scan (10s), a standard
anatomical protocol (i.e, a sagittally acquired spoiled gradient
recalled sequence) (FOV = 25 cm, matrix = 192 X 256 (extrapolated
to 256 x 256), 172 sagittally acquired slices 1-mm thick, TR =8 ms,
TE =3 ms, flip angle = 12°. We used an 8-channel brain array coil to
axially acquire T2*-weighted echo-planar images (EPIs) with the
following parameters: FOV = 23 cm, matrix = 64 x 64, 30 slices 2.6-
mm thick, gap = 1.4 mm, TR = 2000 ms, TE = 32 ms, flip angle = 90°.

Image analysis pathway. The basic structural and functional
image processing were conducted with the Analysis of Functional
Neurolmages (AFNI) software package [49]. A multivariate
regressor approach described below was used to relate changes
in EPI intensity to differences in task characteristics [50]. EPIs were
coregistered using a 3D-coregistration algorithm [51] that has
been developed to minimize the amount of image translation and
rotation relative to all other images. Six motion parameters were
obtained for each subject. Three of these motion parameters were
used as regressors to adjust for EPI intensity changes due to
motion artifacts. All slices of the EPI scans were temporally aligned
following registration to ensure that different relationships with
the regressors were not due to the acquisition of different slices at
different times during the repetition interval.

Multiple regressor analyses. The details of these analyses have
been described elsewhere [35, 47, 52]. Emotion face-processing
task: four regressors of interest were (1) happy, (2) angry, (3)
fearful, and (4) circle/oval (i.e., shape) sensorimotor condition.
These 0-1 regressors were convolved with a gamma variate
function [53] modeling a prototypical hemodynamic response
(6-8 s delay) [54] and to account for the temporal dynamics of the
hemodynamic response (typically 12-16s) [55]. The convolved
time series was normalized and used as a regressor of interest. A
series of regressors of interest and the motion regressors were
entered into the AFNI program 3dDeconvolve to determine the
height of each regressor for each subject. The main dependent
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measure was the voxel-wise normalized relative signal change (or
percent signal change for short), which was obtained by dividing
the regressor coefficient by the zero-order regressor. Spatially
smoothed (4-mm full-width half-maximum Gaussian filter) percent
signal change data were transformed into Talairach coordinates
based on the anatomical magnetic resonance images, which was
transformed manually in AFNL. Inspiratory breathing load task:
regressors of interest were generated to delineate conditions
(anticipation, breathing load, post anticipation, and postbreathing
load). To that end, a 0-1 reference function of the particular time
interval for each condition was convolved with a gamma variate
function. Six movement regressors, a baseline and linear drift
regressor, and normalized regressors of interest (anticipation,
breathing load, post anticipation, postbreathing load), were
included in the AFNI program 3dDeconvolve to estimate the
goodness of fit between model estimates and BOLD responses for
each subject. The baseline condition, wherein participants were
performing the CPT but not experiencing anticipation, breathing
load, post anticipation, or postbreathing load conditions, served as
the baseline for this analysis. Fear conditioning/extinction task:
individual time series data were then analyzed with AFNI's
3dDeconvolve program to generate activation at each voxel.
Regressors of noninterest included motion parameters, linear drift,
CS+ paired trials, and the continuous performance task (subject-
specific regressor modeling the RT for each button press).
Regressors of interest modeled CS+ unpaired and CS— image
presentation periods. The result of this analysis yielded activation
for each participant to the CS+ and CS— during acquisition and
extinction, with each phase broken into early and late halves.

Statistical analysis

The voxel-wise Talairach-transformed % signal change data was
the main dependent measure. For example, for the breathing load
fMRI paradigm the dependent measure was the % signal change
during anticipation, stimulation, and poststimulation period,
respectively. These dependent measures were entered into a
linear mixed effects model [56]. We use the implementation of the
linear mixed effects models in R [57], which estimates the
parameters of the mixed model using Maximum Likelihood
Estimation (MLE) or Restricted MLE (RMLE) procedures. A mixed
ANOVA model was computed for the Linear Mixed Effects model
to obtain the numerator degrees of freedom, denominator
degrees of freedom, F values, and P values for Wald tests for the
terms in the model. These calculations were completed within the
R computing environment using routines that read in AFNI data
sets. Specifically, the experimental condition (e.g., anticipation,
stimulation, poststimulus interval) was used as fixed factor and
subject was used as a random factor. The hypothesized effects
were estimated using specific contrast matrices. Monte-Carlo
simulations were conducted to guard against identifying false
positive areas of activation. Based on simulations implemented in
the recently corrected AFNI program 3dClustSim (using spatial
Auto-Correlation-Function as derived by 3dFWHMX), a voxel-wise
a-priori probability of 0.01 will result in a corrected cluster-wise
probability of 0.05 if the cluster has a minimum volume of
prespecified volumes for each region of interest. Only these
clusters were considered for ROl analyses.

RESULTS

A total of 43 healthy men were randomized and received at least 1
dose of JNJ-42165279 (n = 22) or placebo (n = 21). All randomized
and treated subjects were included in the pharmacodynamic
analysis set and the safety analysis set. Forty-one subjects (95.3%)
completed the study. Two subjects were withdrawn from the
study early: one subject in the placebo group was withdrawn due
to an adverse event (increase in creatine phosphokinase) and one
subject in the JNJ-42165279 group was withdrawn due to a

SPRINGER NATURE
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Table 1. Demographic and baseline characteristics.

Placebo JNJ-42165279 Total
Age (years)
N 21 22 43
Mean (SD) 22.1 (3.03) 233 (3.59) 22.7 (3.35)
Median 220 225 220
Range (18; 28) (18; 32) (18; 32)
Gender
N 21 22 43
Male 21 (100.0%) 22 (100.0%) 43 (100.0%)
Female 0 0 0
Race
N 21 22 43
White 13 (61.9%) 11 (50.0%) 24 (55.8%)
Black or African American 0 2 (9.1%) 2 (4.7%)
Asian 2 (9.5%) 7 (31.8%) 9 (20.9%)
American Indian or Alaska Native 1 (4.8%) 0 1 (2.3%)
Native Hawaiian or Other Pacific 3 (14.3%) 0 3 (7.0%)
Islander
Other 1 (4.8%) 2 (9.1%) 3 (7.0%)
Baseline Weight (kg)
N 21 22 43
Mean (SD) 76.4 (10.45) 76.5 (10.39) 76.4 (10.30)
Median 76.2 76.1 76.2
Range (57; 101) (62; 98) (57; 101)
Baseline BMI (kg/m?)
N 21 22 43
Mean (SD) 24.16 24.11 24.14

(2.549) (2.964) (2.736)
Median 24.00 24.65 24.50
Range (19.0; 28.6) (18.0; 29.2) (18.0; 29.2)
Handedness
N 21 22 43
Left-handed 3(143%) 4 (18.2%) 7 (16.3%)
Right-handed 18 (85.7%) 17 (77.3%) 35 (81.4%)
Ambidextrous 0 1 (4.5%) 1 (2.3%)
Percentages calculated with the number of subjects per parameter in each
group as denominator.

protocol deviation. One subject in the JNJ-42165279 group
completed the MRI assessment but was excluded from the
analysis of the imaging data due to technical difficulties with the
data transfer; this subject was however included in the analysis of
the behavioral data.

Demographic and baseline characteristics were generally
comparable between the JNJ-42165279 and placebo treatment
groups (Table 1). The mean age of the subjects was 22.7 years
(range: 18-32 years) and mean body mass index was 24.1 kg/m?
(range: 18.0-29.2 kg/m?). Most subjects were right-handed; 4
(18.2%) subjects in the JNJ-42165279 group and 3 (14.3%) subjects
in the placebo group were left-handed.

Emotion face-processing task
No statistically significant differences were observed between the
JNJ-42165279 and placebo groups in performance accuracy or RT
for any of the conditions (shapes, angry faces, fearful faces, happy
faces), or across conditions (see Supplementary Table 3). Perfor-
mance accuracy was near 100% for both treatment groups during
all conditions. While no statistical comparison was performed, RTs
were longer during the face conditions than during the shape
condition.

Mean BOLD fMRI Talairach-transformed percent signal changes
in the amygdala (the primary region of interest in this analysis) and
other regions of interest (ACC and insular cortex) during the
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emotion face-processing task across each of the three conditions
(fearful faces, happy faces, and angry faces) revealed a significant
effect of drug. Seven subregions (left parahippocampal gyrus, left/
right anterior cingulate, left/right medial frontal gyrus, left/right
insula) were identified as showing a statistically significant
between-group difference across conditions within the search
regions of interest. Mean BOLD fMRI Talairach-transformed percent
signal changes in these seven subregions and the estimated
between-group differences are shown Table 2. As shown in Fig. 1,
JNJ-42165279 attenuated activation regardless of face valence.
Moreover, those individuals treated with JNJ-42165279 that
showed the greatest increase in plasma AEA at day 4 also showed
the greatest reduction in BOLD fMRI activation in left/right anterior
cingulate, and left insula (Supplementary Fig. 4).

Breathing load task

There were no statistically significant between-group differences
observed for performance accuracy or RT during the breathing
load task for any condition (i.e, anticipation, stimulation, post
stimulation; Supplementary Table 4). Accuracy was near 100% in
both treatment groups throughout the task. While no statistical
comparison was performed, RTs appeared higher during the
poststimulation condition compared with the other conditions.

At the pre-MRI assessment, no statistically significant differ-
ences were observed between the JNJ-42165279 and placebo
groups for ratings of pleasantness, unpleasantness, or intensity. At
the post-MRI assessment, the pleasantness rating was statistically
significantly lower in the JNJ-42165279 group than in the placebo
group (p =0.0449). No between-group difference was observed
for the rating of intensity (see Supplementary Table 5).

Mean BOLD Talairach-transformed percent signal changes in
the bilateral insula (primary region of interest for this analysis) and
the other regions of interest (amygdala and ACC) during the
breathing load task were obtained for the three conditions
(anticipation, stimulation, post stimulation) and are summarized in
Supplementary Table 6. Four subregions (right anterior cingulate,
left/right insula, and right inferior frontal gyrus) were identified as
showing a statistically significant between-group difference
during the anticipation condition; no subregions were identified
for the stimulation or poststimulation conditions (Table 3).
Specifically, subjects in the JNJ-42165279 group relative to the
placebo group showed greater activation during the anticipation
condition but no significant differences during or after the
breathing load. Mean BOLD Talairach-transformed percent signal
changes in these five subregions of interest and estimated
between-group differences based on results of the mixed effects
ANOVA analysis are summarized in Supplementary Table 6 and
shown in Fig. 2.

Fear conditioning task

RTs during each phase of the fear conditioning task are
summarized in Supplementary Table 7. Values were similar
between treatment groups and between phases, including the
habituation period. After the habituation phase, the two acquisi-
tion phases, and at the end of the extinction phase, subjects
verbally rated the CSs and how they were feeling using a VAS and
a 5-point SAM (Supplementary Fig. 5). Results showed successful
cued conditioning in both treatment groups. During the habitua-
tion phase, valence, arousal, and anxiety ratings for the CS— and
the CS+ were similar. During the acquisition phase, ratings of
negative valence, arousal, and anxiety were higher for the CS+
compared to the CS—. After extinction, CS+ and CS— ratings were
similar to baseline (habituation) scores. There were no differences
between the JNJ-42165279 and placebo treatment groups for
ratings of valence or arousal to either cue type during the
habituation, acquisition, or extinction phases and ratings of
anxiety were similar between treatment groups during
habituation.

Neuropsychopharmacology (2021) 46:1011-1019
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Table 2. MRI emotional face-processing task—regions of interest: mean (SD) values and estimated treatment group differences (by condition and
across conditions).
Placebo (n =20) JNJ-42165279 (n=20) LS mean

Subregion of interest Condition Mean (SD) Mean (SD) Difference p value®

ROI 1 (vol =832 pL, x = —23, y = —4, z= —14, within left Anger 0.463 (0.3393) 0.178 (0.4013) —0.2853  0.0200*

parahippocampal gyrus, BA 34) Fear 0491 (0.5231)  0.037 (0.4608) —04539  0.0060**
Happy 0.511 (0.4675)  0.129 (0.2221) —0.3815  0.0021**
Across 0.488 (0.4126) 0.115 (0.2876) —0.3736  0.0020**
conditions

ROI 2 (vol =1344 pL, x =15, y =39, z= 12, within right anterior Anger —0.029 (0.1292) —0.130 (0.1529) —0.1017  0.0288*

cingulate, BA 32) Fear —0.023 (0.2149) —0.238 (0.2188) —0.2158  0.0032**
Happy 0.032 (0.1798) —0.150 (0.1757) —0.1820  0.0025**
Across —0.006 (0.1570) —0.173 (0.1481) —0.1665 0.0014**
conditions

ROI 3 (vol =960 pL, x = —8, y = 36, z= —8, within left medial Anger 0.009 (0.2812) —0.249 (0.5379) —0.2580  0.0650"

frontal gyrus, BA 10) Fear 0.112 (0.3438) —0.415 (0.7263) ~05265  0.0057**
Happy 0.208 (0.3778) —0.261 (0.8177) —0.4693  0.0252*
Across 0.110 (0.2765) —0.308 (0.6660) —0.4179  0.0135*
conditions

ROI 4 (vol =896 pL, x = —15, y =38, z= 10, within left anterior ~ Anger —0.029 (0.1520) —0.136 (0.2077) —0.1073  0.0699"

cingulate, BA 32) Fear —0.038 (0.2046) —0.312 (0.3960) —0.2732  0.0093**
Happy 0.046 (0.1671) —0.136 (0.2636) —0.1821 0.0129*
Across —0.007 (0.1578) —0.195 (0.2449) —0.1875 0.0065*
conditions

ROI 5 (vol =640 pL, x =12, y = 40, z= —8, within right medial Anger 0.051 (0.3848) —0.228 (0.4822) —0.2796  0.0498*

frontal gyrus, BA 10) Fear 0.094 (0.5518) —0.394 (0.6351) —04876  0.0135*
Happy 0.249 (0.3738) —0.227 (0.6434) —0.4765 0.0068**
Across 0.131 (0.3883) —0.283 (0.5408) —0.4146  0.0083**
conditions

ROI 6 (vol =448 pL, x = —39, y = —2, z= 14, within left Anger 0.099 (0.1990) —0.100 (0.2214) —0.1990  0.0049**

insula, BA 13) Fear 0.037 (0.2990) —0.087 (0.2649) ~0.1245  0.1715
Happy 0.114 (0.2672) —0.054 (0.1666) —0.1673  0.0227*
Across 0.084 (0.2295) —0.080 (0.1555) —0.1636  0.0120*
conditions

ROI 7 (vol =448 pL, x =36, y = —6, z= 15, within right Anger 0.158 (0.1396) —0.055 (0.2763) —0.2124  0.0040**

insula, BA 13) Fear 0.130 (0.2730) —0.131 (0.4877) —0.2610  0.0435*
Happy 0.108 (0.2028) —0.016 (0.2325) —0.1236  0.0810"
Across 0.132 (0.1824) —0.067 (0.2811) —0.1990 0.0115*
conditions

Numbers represent BOLD fMRI Talairach-transformed percent signal changes. Data represent averages over trials. Brain activity to shapes was subtracted.

Across Conditions: for each subject, the average of the conditions was calculated and descriptive statistics were calculated based on these averages.

ROI region of interest, BA Brodmann's area.

p <0.1; *p <0.05; **p < 0.01.

*Test for no difference between treatments from a mixed effects ANOVA model with condition (anger, fear, happy) as within-subject factor and treatment

(placebo, JNJ-42165279) as between-subject factor.

Mean BOLD fMRI Talairach-transformed percent signal changes
in the amygdala (the primary region of interest in this analysis)
and other regions of interest (i.e., insula and anterior cingulate)
during each phase of the fear conditioning task (habituation, two
acquisition phases, and two extinction phases) represent the
difference between percent signal changes during periods of
conditioned stimulus (CS+) and during periods of unconditioned
stimulus (CS—). Estimated between-group differences based on
results of the mixed effects ANOVA analysis are summarized for
each half of the acquisition and extinction phases in (Supplemen-
tary Table 8 and shown in Supplementary Fig. 5).

There were no subregions identified with a statistically
significant difference between treatment groups, either during
acquisition or extinction. To evaluate whether there was a task

Neuropsychopharmacology (2021) 46:1011-1019

effect, contrasts were performed between the first and second
half of extinction, collapsed across treatment groups, for CS+ vs.
CS— values. Nine subregions were identified with statistically
significant differences between the first and second half of
extinction. For all subregions, activation was higher in the second
half of extinction than the first half, however there was no group
by time interaction.

DISCUSSION

This investigation using JNJ-42165279 in a 4-day administration
study with healthy male volunteers to examine whether FAAH
inhibition results in an anxiolytic profile based on three different
fMRI tasks probing response to affect/arousal and interoception
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Right Anterior Cingulate

Left Medial Frontal Gyrus

Left Anterior Cingulate
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Right Medial Frontal Gyrus

Left Insula

Right Insula

Fig. 1 MRI emotional face-processing task—regions of interest (across conditions): LS mean values. Numbers represent BOLD fMRI
Talairach-transformed percent signal changes. Data represent averages over trials. Brain activity to shapes was subtracted. Volume (Vol)
represents number of 4° uL voxels. Across conditions: for each subject, the average of the conditions was calculated; the LS mean is presented
for these averages. p values based on test for no difference between treatments from a mixed effects ANOVA model with condition (anger,

fear, happy) as within-subject factor and treatment (placebo, JNJ-42165279) as between-subject factor.

Table 3. MRI breathing load task—subregions of interest: mean (SD) values and estimated treatment group differences by condition.
Placebo (n=20) JNJ-42165279 (n =20) LS mean
Region Condition Mean (SD) Mean (SD) Difference p value®
Region of interest 1: vol = 1088 pL, x =5, y = 36, z= —9, within Anticipation —0.054 (0.1048) 0.087 (0.1176) 0.1405  0.0003**
right anterior cingulate, BA 32 Stimulation 0395 (0.4565) 0.286 (0.3141) ~0.1092  0.3838
Post stimulation ~ 1.055 (0.9650) 0.722 (0.7163) —0.3330 0.2228
Region of interest 2: vol =896 pL, x = —39, y = 15, z= 0, within left Anticipation —0.004 (0.2367) 0.237 (0.3364) 0.2412  0.0125*
insula, BA 13 Stimulation 0.076 (0.2767) 0.134 (0.3739) 0.0580  0.5806
Post stimulation ~ 0.271 (0.5902) 0.073 (0.5664) —0.1978  0.2863
Region of interest 3: vol =832 uL, x = —36, y = —14, z= 18, within Anticipation —0.038 (0.1241) 0.110 (0.2005) 0.1476  0.0080**
left insula, BA 13 Stimulation 0537 (0.6773) 0.408 (0.3621) ~0.1293 04561
Post stimulation 1.291 (1.5946) 0.970 (0.8224) —0.3216  0.4277
Region of interest 4: vol = 1280 pL, x = 50, y = —30, z= 18, within Anticipation —0.052 (0.2098) 0.160 (0.2731) 0.2111 0.0093**
right insula, BA 13 Stimulation 0.254 (0.3334) 0.238 (0.2908) —00154  0.8775
Post stimulation  0.622 (0.6600) 0.515 (0.5187) —0.1070  0.5721
Region of interest 5: vol =448 uL, x = 40, y = 20, z = 4, within right Anticipation 0.065 (0.1969) 0.309 (0.3297) 0.2439  0.0072**
inferior frontal gyrus, BA 45 Stimulation 0568 (0.6727) 0.512 (0.4828) —00561 07634
Post stimulation 1.542 (1.4303) 1.295 (1.0594) —0.2471 0.5384
Numbers represent BOLD fMRI Talairach-transformed percent signal changes. Data represent averages over trials.
**p < 0.001; *p < 0.05.
Test for no difference between treatments from a mixed effects ANOVA model with condition (anticipation, stimulation, post stimulation) as within-subject
factor and treatment (placebo, JNJ-42165279) as between-subject factor.

yielded three main results. First, JNJ-42165279 attenuated the
activation in the amygdala, anterior cingulate, and bilateral insula
during the face emotion processing task, consistent with effects
previously observed with anxiolytic agents. Higher levels of
plasma anandamide were associated with greater attenuation in
these brain areas. Second, JNJ-42165279 increased the activation
during anticipation of an aversive interoceptive event in the
anterior cingulate and bilateral anterior insula. Third, JNJ-
42165279 did not affect acquisition or within-session extinction
learning of a conditioned stimulus paired with an aversive
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unconditioned stimulus on a subjective or neural circuit level.
Taken together, these results are consistent with the hypothesis
that JNJ-42165279 shares some effects with existing anxiolytic
agents such as benzodiazepines but does not affect fear
conditioning or within-session fear extinction learning.

Animal studies have implicated several brain areas for the eCB
modulation of stress. Chronic stress significantly reduces the
content of the eCB 2-arachidonylglycerol within the hippocampus
[58]. Other studies indicate that CB1 receptors in the mPFC and
ventral hippocampus appear to be responsible for the

Neuropsychopharmacology (2021) 46:1011-1019
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Fig. 2 MRI breathing load task—subregions of interest (by condition): LS mean values. Numbers represent BOLD fMRI Talairach-
transformed percent signal changes. Data represent averages over trials. p values are based on test for no difference between treatments from
a mixed effects ANOVA model with condition as within-subject factor and treatment (placebo, JNJ-42165279) as between-subject factor.

antidepressant- and anxiolytic-like effects of AEA [14]. Moreover,
reductions of CB1 receptor activation within the basolateral
amygdala and central amygdala promote anxiogenesis and
anxiolysis, respectively [59]. Finally, local inhibition of anandamide
hydrolysis within the medial PFC increases the firing rate of
serotonergic neurons suggesting that prefrontal cortical eCB
signaling may modulate stress coping behaviors through regula-
tion of serotonergic neurotransmission [60]. We found that FAAH
inhibition during both face emotion processing and during
inspiratory breathing load involved some of the brain areas that
have been implicated by animal studies. In particular, the mPFC,
including the anterior cingulate, is important for modulating
bottom up emotional processes. There is some evidence from
previous studies that highly resilient individuals show greater
anticipatory brain responses to aversive interoceptive stimuli [47].
Thus, the combination of attenuation during facial processing and
increased activation during the anticipation of aversive events is
consistent with the notion that FAAH inhibition may have two
different effects on negatively valenced stimuli: attenuating the
emotional impact of emotional faces and increasing the top-down
preparation for impending aversive events when the individual is
afforded an anticipatory period.

There is strong evidence from animal studies that CB1 signaling
modulates learned fear processes, in particular fear extinction [8].
Effects of CB1 signaling on fear expression are less consistent than
effects on extinction [13], with modulation of fear expression
requiring specific cortical CB1 receptor circuits [61, 62]. In rodents,
FAAH inhibition may also be more effective at blocking contextual
fear vs. cued fear [63, 64]. FAHH inhibition has most consistently
been shown to enhance 24-h recall of extinction in rodents, either
systemically or when inhibitors are administered selectively in the
hippocampus or basolateral amygdala [65, 66]. This selective
enhancement of extinction recall with minimal effects on fear

Neuropsychopharmacology (2021) 46:1011-1019

conditioning or extinction learning after FAAH inhibition has also
recently been replicated in a human fear conditioning paradigm
[16] after 10 days of treatment. In the present study, JNJ-42165279
had no observable effects on fear acquisition or extinction
learning after 4 days of treatment. Although a fear conditioning
and extinction paradigm which has been developed to maximize
activation of the relevant neural circuitry was used [45], there was
no explicit examination of consolidation, which would have
necessitated a second day of testing. In contrast to our findings
that relatively acute increases in AEA do not affect within-session
learning, lifetime increases in AEA due to genetic mutations in the
FAAH gene are associated with increased within-session extinction
learning [67]. These different findings may be due to develop-
mental effects of long-term AEA abundance. Future studies should
examine the effects of JNJ-42165279 on extinction recall. There is
also some recent evidence that modulating the eCB system may
result in an inverted U-shaped dose response for anxiety in
humans. Thus, a dose response study may help to further clarify
the role of this system in human fear conditioning and extinction.

This study has several limitations. First, JNJ-42165279 did not
affect subjective assessments, i.e., symptoms of stress or anxiety,
in these healthy volunteers. Therefore, this study was unable to
connect the subjective unit of analysis to neural circuits. Second,
this study was not designed to compare the differences between
acute and chronic effects of JNJ-42165279, which may have shed
light on adaptive changes that contribute to the possible
therapeutic effects of this drug. Third, this study was conducted
with healthy male volunteers, who may have a different subjective
and circuit level baseline than women particularly as it relates to
fear learning [68]. Moreover, target (patient) populations may
show different emotion-related processing effects than healthy
volunteers that could be affected by FAAH inhibition. Never-
theless, prior studies using this pharmaco-fMRI approach have
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shown that brain activation changes to other psychoactive agents
are similar in healthy volunteers and target populations [69, 70].
Therefore, future investigations should focus on acute and chronic
administration of FAAH inhibitors and their effect on stress and
fear related processing in healthy volunteers as well as target
populations such as patients with PTSD. Fourth, this study focused
on within-session extinction and did not include a multi-session
fear extinction session [71], which may be necessary to better
examine the effects of FAAH inhibition on extinction learning.

In conclusion, this study was aimed to examine whether steady-
state inhibition of FAAH, which enhances the effect of the eCB
system that is important for stress regulation, showed an
anxiolytic-like profile on neural circuits in healthy volunteers.
The results are partially consistent with the hypothesis that FAAH
helps to process negative valenced information possibly by
augmenting processing of anticipatory modulation of upcoming
events. However, there was no evidence for modulation of fear
conditioning or within-session extinction. Comparing these results
to prior studies with known anxiolytic agents suggests that FAAH
inhibition might have a role in treating individuals with anxiety
and stress-related disorders.
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