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Abstract

Recent translational studies identified a common endocannabinoid polymorphism, FAAH C385A, in the gene for the fatty acid
amide hydrolase (FAAH). This polymorphism alters endocannabinoid anandamide levels, which are known to be involved
in the fronto-amygdala circuitry implicated in mood regulation and anxiety-like behaviors. While it has been shown that the
variant that selectively enhances fronto-amygdala connectivity at rest is associated with decreased anxiety-like behaviors, no
study so far has investigated whether this finding of FAAH-related differential plasticity extends to task-related differential
functional expression and regulation during negative emotional processing. Using an imaging genetics approach, this study
aimed to replicate and extend prior findings by examining functional activity and task-related connectivity in fronto-amygdala
regions during emotion reactivity and emotional down-regulation of negative affect. Therefore, 48 healthy young adults
underwent a functional MRI resting state measurement, completed an emotion regulation paradigm and provided self-reports
on anxiety and use of emotion regulation strategies. In line with previous studies, preliminary evidence suggests that A-allele
carriers demonstrate stronger fronto-amygdala connectivity during rest. In addition, exploratory whole-brain analyses indicate
differential functional activity of A-allele carriers during emotion reactivity and emotion regulation. There were no associa-
tions with anxiety-related self-reports and use of emotional regulation strategies. Further research using larger samples and
polygenic approaches is indicated to clarify the precise role and its underlying mechanisms in emotion processing.
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Introduction

Being able to accurately process and regulate emotional
information is of crucial importance for appropriate social
interactions and an essential feature of mental health. Dis-
rupted emotion processing is proposed as a liability spec-
trum underlying different mental disorders such as mood
and anxiety disorders [43, 53, 76]. Growing evidence has
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shown that the endogenous cannabinoid (eCB) system is
involved in normal emotional processing [46], specifically
in the anxiety and stress response [11, 32, 65, 77, 84], and
in affective disturbances such as anxiety disorders and
depression [2, 37, 63]. Recent studies have highlighted in
particular a plasticity regulating gene that affects individual
differences in fear expression and anxiety, that is FAAH
C385A [20, 29].

The integral enzyme fatty acid amide hydrolase (FAAH;
Cravatt et al. [15]; Patricelli and Cravatt [74]) is a catabolic
enzyme and primary regulator of anandamide (AEA) signal-
ing in the brain [14], an important eCB agonist on the can-
nabinoid receptor 1 (CB1). Studies have shown that in mice
with a targeted disruption in the FAAH gene (FAAH™'"),
endogenous brain levels of AEA and related fatty acid
amides are increased over tenfold [14, 54]. Within the human
FAAH gene exists a single nucleotide polymorphism (SNP;
rs324420) with a minor allele frequency of 21% [88]. This
missense mutation (385C to A) leads to a substitution of an
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evolutionary conserved proline to threonine at amino-acid
position 129 (Pro129Thr) resulting in reduced FAAH protein
expression and enzymatic activity as well as increased AEA
levels in the brain [12, 20, 79, 80].

Regarding the differential impact of FAAH C385A on
brain circuitry and function, recent studies developed a
knock-in mouse model that biologically recapitulates
the human FAAH C385A SNP and linked the A-allele to
greater fear extinction, enhanced fronto-limbic connectiv-
ity and decreased anxiety-like behaviors in both mouse and
humans [20, 29]. In detail, Gee et al. [29] demonstrated
that enhanced structural fronto-limbic connectivity in the
uncinate fasciculus (a white matter tract that connects lim-
bic structures with the prefrontal cortex) is associated with
decreased anxiety in humans. In a similar vein, Dincheva
et al. [20], performed a functional resting state connectiv-
ity analysis focusing on connectivity between amygdala
and subgenual ventromedial prefrontal cortex (vmPFC)
and dorsal anterior cingulate cortex (dACC), respectively,
two key regions within the fronto-amygdala circuitry. They
found that A-allele carriers show an increased correlation
between BOLD signals in the vmPFC and amygdala as
well as decreased anxiety-like behaviors. Further evidence
comes from studies demonstrating that FAAH C385A pre-
dicts individual differences in amygdala habituation to
threat and stress-reactive personality traits [32, 33] as well
as a decreased threat-related amygdala reactivity associated
with reduced trait anxiety in A-allele carriers compared to
C/C homozygotes [35]. In sum, phenotypic differences in
anxiety-like behaviors may result from functional effects
of the A-allele on prefrontal regulation of the amygdala
during fear [33, 35] through stronger fronto-amygdala
connectivity.

Besides the impact of FAAH C385A on structural and
functional plasticity in the brain, there might be a second
functional mechanism that influences genotype-related
anxiety and stress responses: normally, high levels of AEA
are associated with anxiogenic effects, whereas low lev-
els are associated with anxiolytic effects. However, it has
been shown that the inhibition of AEA degradation through
FAAH inhibitors seems to circumvent these biphasic effects
by enhancing CB1 receptor signaling in a temporarily and
spatially restricted manner, resulting in reduced anxiety-
like behaviors (for review see Moreira and Wotjak [66]).
Therefore, given that FAAH C385 results in reduced FAAH
expression and activity and, thus, elevated AEA levels in
the brain, the polymorphism might influence brain circuitry
and function through immediate, phasic effects associated
with the degradation of AEA and CB1 receptor signaling.
This notion is backed up by a recent study showing that
the A-allele is associated with (phasic) increased serum
AEA levels throughout a stress challenge compared to
C/C homozygotes, accompanied by a decreased subjective
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anxiety response to the stress challenge [82]. Furthermore,
a recent PET study has shown that A-allele carriers show
a longer in vivo binding of a FAAH labeling ligand, sup-
porting the effect of this genetic variation on central FAAH
levels [5].

Given these well-established effects of FAAH C385A
on fronto-limbic connectivity that impacts fear expression
and anxiety, the current study sought to examine whether
this finding of differential plasticity extends to task-related
differential functional expression and regulation during
negative emotional processing. Considering the prominent
role of amygdala, dACC and vmPFC in expression, extinc-
tion, and regulation of fear and emotional processing [26,
78] and following up on the rationale by Dincheva et al.
[20], we examined exactly these brain regions. Regarding
emotion regulation, studies have consistently shown that
voluntary down-regulation of negative affect is associated
with increased activation of the dorsolateral and medial
prefrontal cortex (mPFC) and that this activity increase is
negatively correlated with amygdala activity [40, 71, 85].
Regarding emotion reactivity, complementary evidence
can be found in analyses on task-related functional con-
nectivity, showing both positive and negative connectivity
of the amygdala with dorsal and ventral ACC and mPFC,
respectively [25]. In addition, primarily negative con-
nectivity between amygdala and ventral ACC and mPFC
was observed during emotion regulation [3, 24, 25]. This
implies not only that amygdala and prefrontal regions work
in parallel to facilitate downregulation, but that functional
coupling between those areas contributes to successful emo-
tion regulation.

Based on these findings, the goal of this study was (a) to
replicate the findings of Dincheva et al. showing stronger
functional fronto-amygdala connectivity for A-allele car-
riers during resting state, and (b) extend these findings
on task-related functional connectivity by examining the
impact of FAAH C385A on emotion reactivity and emo-
tion regulation. Furthermore, we were interested whether
(c) FAAH C385A modulates functional activity in fronto-
amygdala regions during emotion reactivity and emotion
regulation (task-related activation). We hypothesized that
A-allele carriers show stronger resting state connectiv-
ity between amygdala and the target regions of interest
(ROI) examined by Dincheva et al. [20], that is, dACC
and vmPFC. Furthermore, we hypothesized that stronger
fronto-amygdala connectivity in these individuals is associ-
ated with decreased emotional reactivity during passively
viewing of emotional pictures as well as more successful
top-down regulation of negative affect during volitional
emotion regulation.
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Methods and materials
Participants

The sample comprised 48 healthy young adults (22 male,
aged 18-36 years, M, + SD 24.7+4.0 years) of German/
Middle European descent recruited at the TU Dresden. All
participants were right-handed and pre-screened for mag-
netic resonance imaging (MRI) contraindications (for exam-
ple, metal plates or implants). None of the participants did
report any current or prior medical, neurological or psychi-
atric illness or treatment. The experimental protocol was
approved by the ethics committee of the TU Dresden. The
study was conducted in accordance with the Declaration of
Helsinki and followed the ethical standards of the German
Psychological Association. All participants provided written
informed consent and received compensation for expenses.
Data of one participant was only available for the resting
state session. Therefore, functional activity and connectivity
analyses included 47 participants.

Experimental paradigm and procedure

The paradigm was based on previous designs to study
emotion reactivity and regulation [62, 85]. Emotion reac-
tivity was operationalized as the task condition in which
participants were asked to permit any emotions arising in
response to a set of negative and neutral pictures, without
manipulating their emotional response. Emotion regulation
was operationalized as the task condition in which partici-
pants were asked to decrease any emotional response which
may arise towards negative and neutral pictures by adopt-
ing the position of a detached observer who is not involved
in the scene presented in the picture. Other possible strate-
gies to detach themselves were imagining to see the pictures
through a glass or imagining the pictures shrink, spin or
fade in the background. Consequently, four task conditions
were presented (strategies: permit, detach; valence: nega-
tive, neutral).

Because the study was part of a larger project (cf. [19]),
half of the participants also underwent an additional experi-
mental condition, that is, trying to increase any emotions
arising in response to negative and neutral pictures. The data
of this condition are not analyzed and reported here. How-
ever, overall stimuli durations for this group (referred to as
group B, n=26) were somewhat shorter than for the other
group (group A, n=22). To exclude the potential influence
of varying conditions and trial durations, a dichotomous
group variable was included as covariate in all subsequent
analyses.

To ensure understanding of the instructions and famili-
arity with the procedure, all participants underwent a

training session outside the MR scanner, which took about
10—15 min and consisted of 16-24 trials. The subsequent
functional magnetic resonance imaging (fMRI) measure-
ment lasted approximately 60 min (group A) or 70 min
(group B). In the beginning of the session, 5 min were
spent with preparatory technical scans, which allowed the
participants to accommodate themselves with the scan-
ning environment. Four experimental runs followed with
a duration of 9 min (group A) or 11 min (group B) each.
At the beginning of each trial, a picture was presented
for 10 s (group A) or 8 s (group B). During the initial 2 s
of this period, a semi-transparent overlay was presented
across the center of the picture, which contained—as a
single word—the instruction for either the “permit” or
the “detach” condition (instruction phase). Afterwards,
the picture was presented alone for the remaining 8 s or
6 s, respectively (regulation phase). Subsequently, a fixa-
tion cross was presented with a jitter of 16-24 s (20 s on
average) or 12-20 s (16 s on average), respectively (fixa-
tion phase). Similar to previous studies [41, 62], we used
an event-related design to avoid multiple repetitions of
stimuli of the same experimental condition and possibly
ensuing increased habituation effects. After each of the
four experimental runs, participants rated their current
emotional arousal for the four conditions (“permit nega-
tive”, “permit neutral”, “detach negative”, “detach neu-
tral”) using a slider, ranging from “very low” to “very
high” without time limit.

After all experimental runs, an anatomical scan was
acquired, which lasted approximately 8 min, followed by a
passive viewing task of previously presented pictures (data
not analyzed here). After completing the scanning session,
participants were debriefed about the experiment. All partic-
ipants returned to a second session approximately one week
later, which included an 8-min resting state session. Further-
more, participants were asked to fill in questionnaires aimed
at investigating individual differences in anxiety, negative
emotionality, and use of emotion regulation strategies.

Stimuli

Stimuli were selected from the International Affective Pic-
ture System (IAPS; Lang et al. [48]) and the Emotional
Picture Set (EmoPicS; Wessa et al. [86]; see Supplemen-
tary Material for picture numbers). In group A, we used
32 negative (valence M +SD 2.68 +0.76; arousal M +SD
5.77 +0.85) and 32 neutral pictures (valence M+ SD
5.15+0.56; arousal M +SD 2.95+0.59). In group B, we
used 48 negative (valence M+ SD 2.67 +0.75; arousal
M+ SD 5.69 +2.44) and 48 neutral pictures (valence
M +SD 5.16 £0.56; arousal M+ SD 2.92+0.49). The
assignment of the pictures to either the “permit” or
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“detach” condition was counterbalanced across participants
and experimental runs with no more than two successive
stimuli of one condition. To rule out any stimulus- or con-
tent-related confounds, one part of negative and neutral
pictures was used for one-half of the participants, and the
other part was used for the other half of the participants.
All stimuli were presented onto a back-projection screen
located at the rear end of the scanner and were viewed
through a mirror attached to the head coil.

Genotyping

Genomic DNA was extracted from EDTA anti-coagulated
venous blood samples according to standard procedures.
Rs324420 was genotyped using a TagMan 5’ nuclease assay.
Genotype frequencies were 58.3% for C/C (n=28), 41.7%
for C/A (n=18), and 4.2% for AA (n=2). The genotypes
did not deviate from Hardy—Weinberg equilibrium (Chi-
square tests with df=1; y>=0.18, p=0.67). Because there
were only two A/A homozygotes, analyses were conducted
using two genotype groups: A-allele carriers (n=20) and
C/C homozygotes (n=28).

Behavioral trait measures
Anxiety and negative emotionality

The German version of the Spielberger State-Trait Anx-
iety Inventory (STAI) trait version was used to assess
anxiety [49]. To examine individual differences in self-
reported negative affect and emotionality, negative affect
was rated on the German version of the Positive and Neg-
ative Affect Schedule (PANAS-NA; Krohne et al. [44]),
and Neuroticism was rated on the German version of the
NEO Five-Factor Inventory (NEO-FFI; Borkenau and
Ostendorf [6]).

Emotion regulation

Because individual differences in the use of cognitive emo-
tion regulation strategies may modulate task performance
in the emotion regulation task, the German version of the
Emotion Regulation Questionnaire (ERQ; Abler and Kessler
[1]) was used to assess the habitual use of reappraisal and
suppression.

Statistical analyses of behavioral data

Analyses on emotional arousal ratings and trait measures
were conducted using SPSS (version 24; SPSS Inc.). All
variables were normally distributed (Shapiro—Wilk tests,
p>0.05) and checked for outliers. A 2 X2 X2 mixed-model
ANOVA was calculated including the factors valence
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(negative and neutral) and strategy (permit and detach) as
within-subjects variable and FAAH genotypes as between-
subjects variable to examine possible differences in emo-
tion reactivity and regulation between genotype groups.
Independent #-tests were conducted to examine potential
differences in self-reported anxiety, negative emotionality
and habitual use of emotion regulation strategies between
genotype groups. In addition, we tested potential differ-
ences in possible confounding factors such as age, sex, and
testing group. FAAH A-allele carriers did not differ from
C/C homozygotes in these factors (all p >0.211). Statistical
analyses of the behavioral data were thresholded at p < 0.05.
For the STAI, data were missing from ten participants, for
NEO-FFI Neuroticism from four participants and for the
emotional arousal ratings from one participant due to tech-
nical problems.

Data acquisition

MRI images were acquired using a 3-T Trio-Tim MRI
whole-body scanner (Siemens, Erlangen, Germany), using
a 12 channel head coil. Functional (T2") MR images during
resting state and the emotion regulation task were acquired
using an EPI sequence with 42 axial slices per volume and
a slice thickness 2 mm (TR 2410 ms; TE 25 ms; flip angle
80°; slice gap 1 mm; field of view 192 mm; matrix size
64 x 64; voxel size: 3x 3 x2 mm?). In addition, anatomical
(T1) images were acquired using an MPRAGE sequence that
consisted of 176 sagittal slices with a thickness of 1 mm (TR
1900 ms; TE 2.26 ms; flip angle 9°; field of view 256 mm;
matrix size 256 X 256; voxel size: 1 X 1x 1 Inm3).

Resting state functional connectivity data
preprocessing and analysis

Preprocessing and further processing steps were imple-
mented in the CONN toolbox (version 16.b) pipeline [87]
and performed with SPM 12 (Wellcome Trust Center for
Neuroimaging, UCL, London, UK). All functional scans
of the resting state session were spatially realigned and
unwarped to correct for interscan movement. The structural
image was segmented and normalized to the MNI (Mon-
treal Neurological Institute, Quebec, Canada) reference
brain. Functional images were normalized to the reference
brain followed by outlier detection (ART-based scrubbing),
and smoothed using an 8§ mm Gaussian kernel. To avoid
confounding signals from surrounding regions, time series
were extracted from the unsmoothed spatially normalized
data. Prior to first-level analyses, a denoising procedure was
applied to remove motion artifacts, physiological and other
artifactual effects from the fMRI-signal. This procedure
included the component-based correction method (Comp-
Cor; Behzadi et al. [4]) and temporal band-pass filtering
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of 0.008-0.09 Hz.To avoid potential ramping effects at the
beginning of the session, CONN models the entire acqui-
sition and includes an additional confounding variable as
covariate in the denoising procedure. The six movement
parameters and a matrix containing the ART-detected outli-
ers were included as first-level nuisance covariates. For time
series extraction, we first defined the respective regions of
interest (ROIs). For the amygdala ROIs, maximum prob-
ability maps were created using the SPM Anatomy tool-
box v2.2c [22], containing basolateral, centromedial, and
the superficial divisions from the left and right amygdala.
The ROI masks for dACC and subgenual vimPFC were build
using the WFU Pickatlas [59]. Two 4 mm spherical ROIs
were created at exactly the same locations examined by
Dincheva et al. [20] based on previous literature, i.e., Milad
et al. [64] with regard to dACC [— 3, 23, 18 Tal] and Schiller
and Delgado [78] with regard to vmPFC [0, 40, — 3 MNI].
ROI-to-ROI analyses were performed for each participant
and a general linear model was used to calculate connec-
tivity of both amygdalae to dACC and subgenual vmPFC,
respectively. FAAH C385A genotypes were included as
second-level covariate to test for voxel-wise correlations
between the ROI-to-ROI connectivity values and FAAH
C385A genotypes. For all ROI-to-ROI connectivity analy-
ses, the significance threshold was set to p <0.05, family-
wise error (FWE) corrected for multiple comparisons. Note
that we refer to one-sided p values because of our strong
hypothesis driven approach, but two-sided p values are also
provided (see “Discussion”).

Functional activity data preprocessing and analysis

Imaging data analysis was performed using Matlab 2010b
(Math-Works, Natick, MA, USA) and SPM12. The first four
volumes of each run were discarded, and preprocessing con-
sisted of slice-time correction, motion correction, coregis-
tration of individual functional and anatomical data, spatial
normalization of the anatomical images to the MNI template,
application of the estimated transformation parameters to the
coregistered functional images using a resampling resolu-
tion of 2 X2 X2 mm, and spatial smoothing of the functional
images (FWHM 8 mm). First-level statistical analysis was
performed using a general linear model with eight regres-
sors (“permit negative”, “permit neutral”, “detach neutral”,
“detach negative”; each for regulation and fixation phase;
group A) and 12 regressors (“permit negative”, “permit neu-
tral”, “detach negative”, “detach neutral”, “intensify nega-
tive”, “intensify neutral”; each for regulation and fixation
phase; group B), respectively, modeled as an event with a
duration of 10 s (group A) and a duration of 8 s (group
B), respectively. All above regressors were convolved with
the canonical HRF. In addition, six motion regressors of no

interest were included. The resulting parameter estimates

for the contrasts of interest (emotion reactivity: permit nega-
tive > permit neutral; emotion regulation: detach negative
> permit negative, and permit negative > detach negative)
during each run were averaged across runs and submitted
to a second-level, random-effects analysis. At the second-
level, differences in activation in predefined ROIs between
FAAH C385A genotypes were analysed using a two-sample
t-test. Based on our a priori hypotheses, we examined four
regions of interest: dACC, subgenual vmPFC, and left and
right amygdala, as defined above. For these analyses, the
significance threshold was set at p <0.05, FWE-corrected
for small volume. To investigate possible effects outside our
small ROI masks, we conducted an exploratory whole-brain
analysis using a less stringent threshold (p <0.001 uncor-
rected with k> 10 voxel extent threshold) selected accord-
ing to Lieberman and Cunningham [55], demonstrating that
this threshold produces a desirable balance between Types
I and II error rates and is thereby comparable to the effec-
tive FDR in typical behavioral science studies. Regions were
labeled according to the Anatomical Automatic Labeling
atlas (AAL, [83]) and the Anatomy toolbox for SPM [22].

Task-related effective connectivity analysis

We performed a generalized psycho-physiological inter-
action (gPPI) analysis as implemented in CONN [87] to
assess differences in amygdala effective connectivity during
emotion reactivity and emotion regulation with dACC and
vmPFC and investigated whether this task-related connectiv-
ity differed between FAAH C385A genotype groups. A gPPI
analysis is the recommended PPI model to analyze task-
related connectivity in the presence of multiple task condi-
tions [61]. In general, in a PPI analysis the seed region of
interest is chosen on the basis that this region was active in
a certain contrast of interest [73]. Since only the right amyg-
dala showed increased activity during emotion reactivity and
decreased activity during emotion regulation (in contrast to
our dACC or vmPFC ROI), we created a functional 5 mm
spherical ROI around the center of activation in the right
amygdala for the contrast permit negative > detach negative
across all participants (cf. Kanske et al. [41]). This region
was chosen as a seed region for the gPPI analysis. Then, the
deconvolved time series of our seed region was extracted in
each participant as the first regressor in the gPPI analysis
(physiological variable). The second regressor represented
the experimental condition (emotion reactivity and emo-
tion regulation, respectively). The regressor of interest was
the interaction between the time series of the seed region
and the experimental condition (gPPI). Note that the gPPI
model in CONN follows the implementation in FSL, where
the interaction factor is convolved with the HRF and the
interactions are modeled on the resulting BOLD-level signal.
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Also note that the PPI effects are relative to a baseline state,
thereby providing a relative measure of connectivity (vs. an
absolute measure of connectivity as estimated in standard
functional connectivity measures). Finally, the individual
gPPI contrast images were entered into a second-level ran-
dom-effects analysis to compare amygdala coupling between
FAAH genotypes using a two-sample z-test. For a priori ROI
analyses, we used a significance threshold of p <0.05 FWE-
corrected for small volume. For whole-brain analyses, voxel-
level two-sample ¢-tests were considered significant at an
initial height threshold of p <0.001 uncorrected and a cluster
extent threshold of k> 10 voxels (see Lieberman and Cun-
ningham [55]).

Results
Behavioral results

Self-reported anxiety, negative emotionality and emotion
regulation

The FAAH genotype groups did not differ regarding self-
reported trait anxiety and negative emotionality, respec-
tively, STAI-T: #1(36) = — 0.54, p=0.594, d=0.18; Neu-
roticism: #(42) = — 1.37, p=0.178, d=0.42; PANAS-NA:
1(46)=0.66, p=0.512, d=0.19, nor regarding the habitual
use of reappraisal and suppression, ERQ-R: #46)=1.02,

Table 1 Descriptive statistics for behavioral results

FAAH C385A A-allele FAAH C385A

carriers C/C homozy-
n=20 gotes
n=28
M SD M SD
Sex (female/male) 13/7 13/15
Age 24.8 3.6 24.6 44
STAI-T 427 6.5 414 7.7
PANAS-NA 219 6.4 229 5.0
NEO-N 23.3 7.0 20.6 6.6
ERQ reappraisal 27.6 5.6 29.2 54
ERQ suppression 14.9 4.1 14.6 4.9
Emotional arousal ratings
Negative permit 23.1 7.4 25.5 39
Negative detach 19.9 72 20.5 6.0
Neutral permit 10.9 6.9 12.6 6.3
Neutral detach 9.4 59 9.1 5.0

STAI-T, State Trait Anxiety Inventory [49]; PANAS-NA, Positive
Affect Negative Affect Schedule-Negative Affect [44]; NEO-N, NEO
Five-Factor Inventory Neuroticism [6]; ERQ, Emotion Regulation
Questionnaire [1]; Slider: 0=very calm, 40 =very excited
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p=0.314, d=0.30; ERQ-S: #(46) = — 0.19, p=0.849,
d=0.06 (see Table 1).

Emotional arousal ratings

Regarding the emotional arousal ratings in the emotion regu-
lation task, a repeated measures ANOVA including FAAH
genotypes as between-subjects factor revealed a significant
main effect of valence, F(1, 44)=186.34, p <0.001, nz =
0.81. Planned contrasts revealed significant higher arousal
for negative than neutral pictures. Moreover, a signifi-
cant main effect of strategy emerged, F(1, 44) = 41.01, p
< 0.001, nﬁ = 0.48. Planned contrasts revealed significant
higher arousal for the permit than detach condition. There
was also a significant ordinal interaction between valence
and strategy, F(1, 45) = 5.91, p = 0.019, ni = 0.12, indi-
cating a stronger increase in arousal from neutral to nega-
tive pictures in the permit compared to the detach condi-
tion. Regarding the influence of FAAH C385A, there was
no significant interaction between genotypes and valence,
F(1, 44) =0.18, p = 0.672, nz = 0.01, and no three-way
interaction between genotypes and valence and strategy, F(1,
44) = 0.44, p = 0.835, nl% = 0.01, but a marginal significant
interaction between genotypes and strategy, F(1, 44) = 3.43,
p = 0.071, n; = (0.07. Planned contrasts revealed slightly
decreased levels of self-reported arousal for A-allele carri-
ers compared to C/C homozygotes during permit compared
to detach across negative and neutral pictures (see Fig. 1).
Descriptive statistics are detailed in Table 1.

-0-C/C

-A-AC/AA

18 -

arousal rating

16 A

14 A

A

OT '
permit

detach

Fig.1 Self-reported arousal compared between permit vs. detach
negative and neutral pictures in FAAH A-allele carriers relative to
C/C homozygotes. Scale ranging from 0 (“not aroused at all”) to +
40 (“extremely aroused”). Error bars represent standard errors of the
means
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fMRI results
FAAH genotype effects on resting state connectivity

First, we examined resting state connectivity between our
ROIs in the amygdala, vmPFC and dACC. Overall, there
was a significant positive correlation in resting state activ-
ity between dACC and left [#(47)=3.16, ppwg = 0.011] and
right amygdala [#(47)=2.60, ppwr = 0.049], respectively.
Moreover, there was a significant positive correlation
between vmPFC and left [#(47)=2.98; ppwr = 0.018] and
right amygdala [#(47)=3.39; p=0.008]. Whole-brain seed-
to-voxel connectivity maps can be seen in Supplementary
Figure S1.

Regarding FAAH C385A, A-allele carriers showed a sig-
nificantly increased correlation between right amygdala and
dACC compared to C/C homozygotes [#(46) =2.43, ppwg =
0.038, one-sided; pgwg = 0.075, two-sided; see Fig. 2 and
Supplementary Figure S2 for Bayesian statistics]. This pat-
tern was selective to dACC—amygdala connectivity, with no
genotypic difference in right amygdala—vmPFC connectivity
(Prwe = 1). Furthermore, there were no genotype differ-
ences in connectivity between left amygdala and dACC and
vmPFC, respectively (ppwg = 1; see Supplementary Table 1
for further information).

FAAH genotype effects on functional activity

Regions significantly involved in emotion reactivity (per-
mit negative > permit neutral) were the right inferior frontal
gyrus, right precentral gyrus, left and right occipital and
ventral temporal cortices, left cerebellum (Crus2), and right
amygdala after small volume correction (see Supplementary
Table 2). Regions significantly involved in emotion regula-
tion (detach negative > permit negative) were the left and
right angular gyrus and right frontal cortices. Also, there
was extensive activation in the posterior cingulum and sig-
nificantly decreased activation in the right amygdala (see
Supplementary Table 3).

Neural responses of FAAH genotypes were compared
regarding emotion reactivity and emotion regulation within
our a priori regions of interest in dACC, vmPFC, and left
and right amygdala. Regarding both, emotion reactivity
and emotion regulation, we found no significant differences
in activation in our regions of interest. To investigate pos-
sible effects outside our small ROI masks, we conducted
an exploratory whole-brain analysis using a less stringent
threshold (p <0.001 uncorrected with k> 10 voxel extent
threshold, see Lieberman and Cunningham [55]). For emo-
tion reactivity, we found significant higher activation in
the right gyrus rectus for A-allele carriers relative to C/C
homozygotes (see Table 1; Supplementary Figure S3). For
emotion regulation, we observed significantly higher acti-
vation in the left and right anterior cingulate; and signifi-
cantly decreased activation in the insula for A-allele carriers
compared to C/C homozygotes (see Table 2; Supplementary
Figure S4).

FAAH genotype effects on task-related effective
connectivity

Regarding emotion reactivity (permit negative > permit
neutral) and emotion regulation (detach negative > permit
negative), we found no differences in effective connectivity
between the amygdala and our target ROIs. To investigate
possible effects outside our small ROI masks, we conducted
an exploratory seed-to-voxel analysis (p <0.001 uncorrected
with k> 10 voxel extent threshold, see Lieberman and Cun-
ningham [55]). However, in a direct comparison between
FAAH C385A genotype groups, we found no significantly
increased or decreased connectivity between right amygdala
and our target ROI, neither in a ROI-to-ROI nor seed-to-
voxel analysis.

0.15 - &

0.10 -

0.05 -

0.00

dACC — amygdala-r
correlation (Z-value)

-0.05 - cC AA/AC

Fig.2 (Left) ROI mask in Montreal Neurological Institute standard space of dorsal anterior cingulate (d1ACC) and left and right amygdala.
(Right) Resting state functional connectivity of dACC and right amygdala in FAAH A-allele carriers relative to C/C homozygotes. * ppwg < .05
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Table 2 Peak voxels and cluster

: ‘ Region H X y z k V4 p (uncorr)
sizes from whole-brain analyses
of FAAH genotype effects on Emotion reactivity (permit negative > permit neutral)
emotion reactivity and emotion FAAH-A> FAAH-C
regulation
Gyrus rectus R 12 44 — 18 13 3.49 <0.001
FAAH-C>FAAH-A
No suprathreshold voxels
Emotion regulation (detach negative > permit negative)
FAAH-A> FAAH-C
Anterior cingulum R 22 44 0 95 3.62 <0.001
Anterior cingulum L - 14 42 12 10 3.35 <0.001
White matter L - 14 36 0 22 3.55 <0.001
FAAH-C>FAAH-A
No suprathreshold voxels
Emotion regulation (permit negative > detach negative)
FAAH-A> FAAH-C
No suprathreshold voxels
FAAH-C>FAAH-A
Insula/inferior orbital frontal cortex L - 18 34 0 76 3.87 <0.001
White matter R 24 42 0 39 3.65 <0.001
Cluster with p<0.001 (uncorrected with k> 10 voxel extent threshold). Coordinates are given in MNI
space. H, Hemisphere; R, right; L, left
Discussion Regarding the emotional arousal ratings in the emotion regu-

In the light of the findings on the influence of FAAH C385A
on fronto-amygdala function at rest by Dincheva et al. [20]
and Gee et al. [29], this study aimed to replicate (a) and
extend previous findings by examining whether FAAH
C385A impacts on functional activity (b) and task-related
effective connectivity (c) in fronto-amygdala regions during
negative emotional processing. Our data provide preliminary
evidence that A-allele carriers show stronger connectivity
between amygdala and dACC at resting state. In addition,
exploratory whole-brain analyses revealed differential func-
tional activity of A-allele carriers during emotion reactiv-
ity and emotion regulation, although these effects survived
only a less stringent threshold. We found no differences in
task-related effective connectivity and no influence of FAAH
C385A on self-reported anxiety, negative affect and use of
emotion regulation strategies.

Behavioral results

The finding that FAAH C385A did not influence self-
reported anxiety, negative emotionality, and use of emotion
regulation strategies is in contrast to the study by Dincheva
et al. [20], who found lower self-reported trait anxiety as
measured by the STAI-T questionnaire in two independent
samples (one with a comparable sample size of N=40).
However, the finding is in line with three other studies
who found no effects on self-reported anxiety [13, 35, 50].

@ Springer

lation task, we found the typical effect of less self-reported
negative affect during regulation of negative pictures com-
pared to permit [21, 41]. However, we found no meaningful
effect of FAAH C385A genotypes on arousal ratings, which
is in line with a previous study [13], although A-allele car-
riers reported a slightly decreased arousal during permit
vs. detach of both negative and neutral pictures compared
to C/C homozygotes. In line with Conzelmann et al. [13]
and Hariri et al. [35], an explanation for the missing effects
might be that ratings and self-reports are prone to biases
by normative behavior and expectancies, and endopheno-
types such as emotion reactivity and emotion regulation
may be better revealed by biopsychological measures [30].
Furthermore, we examined a truly healthy sample, which
might underestimate possible gene-related effects because of
variance homogeneity. In addition, no environmental effects
were assessed, but these might help in unmasking geneti-
cally driven effects on behavior [34].

FAAH genotype effects on resting state connectivity

We found stronger resting state connectivity between right
amygdala and dACC in A-allele carriers compared to C/C
homozygotes. Note, however, that we used one-tailed tests
to predict the directional hypothesis (i.e., stronger resting
state connectivity between dACC and vmPFC with amyg-
dala for A-allele carriers compared to C/C homozygotes;
see “Methods and materials”). We did this because our
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hypotheses followed up on the rationale by Dincheva et al.
[20], who selected both regions of interest based on findings
that emphasize their crucial role in expression and regula-
tion of fear [64, 78]. In addition, a long line of research
has highlighted both dACC and vmPFC to be fundamen-
tally involved in the regulation of emotions and emotional
responses (reviewed in Buhle et al. [9]; Dorfel et al. [21];
Etkin et al. [25]; Kalisch [39]; Ochsner and Gross [70];
Ochsner et al. [72]). Thus, we predicted stronger (vs. less
or the same) connectivity because of the proposed stronger
prefrontal regulation of emotional responses in A-allele car-
riers compared to C/C homozygotes as reported in the lit-
erature [20, 29, 32, 35]. Using this approach, we replicated
the general pattern of gene-related differential plasticity in
fronto-limbic function. Nevertheless, while Dincheva et al.
[20] found enhanced connectivity between vmPFC and
amygdala, we found enhanced connectivity between dACC
and amygdala. Applying a two-tailed test reveals a margin-
ally significant effect with p=0.075 (corrected for multiple
comparisons). Based on previous findings, the effect seems
highly reasonable, given that the dACC has been reliably
implicated in fear expression and threat appraisal [26, 64],
cognitive control and conflict monitoring [7, 42, 75] and
in autonomic control [16, 17]. However, the findings have
to be interpreted with caution. Firm conclusions about the
underlying relationship of the involved brain areas await
further research.

A final comment concerns statistical power: assuming a
true genotype effect of size d=0.73 on vmPFC-amygdala
connectivity as implicated by the findings of Dincheva et al.
[20; N=35], the probability in the present study (N=48)
was 79% (1-beta) to observe an effect that surpasses the
threshold of alpha=0.05 (one-sided), and 95% to observe
an effect that surpasses alpha=0.2 (one-sided) as calculated
in G*Power 3.1 [27]. Because our study did not reveal a
one-sided alpha level smaller than 0.2 for vmPFC-amygdala
connectivity, the true effect size is likely smaller than 0.73.

FAAH genotype effects on functional activity
and task-related effective connectivity during emotional
processing

We found the general pattern of increased activation in the
amygdala and other cortical regions (e.g., occipital and ven-
tral temporal cortices, inferior frontal gyrus) for viewing
negative vs. neutral pictures, as well as increased activation
in the right frontoparietal regulation network and posterior
cingulum for regulating vs. permit negative pictures. There-
fore, the overall results for emotion reactivity and emotion
regulation in this sample are comparable to the findings
of other studies [21, 41, 62] and allow to look for poten-
tial effects of FAAH genetic variation. When applying our
ROI masks for dACC, vimPFC and amygdala, we found no

significant differences between FAAH C385A genotypes.
However, given their small size (4 mm radius), we were
interested in potential effects outside of these regions and
conducted exploratory whole-brain analysis using a less
stringent threshold. For emotion reactivity, we observed
significant higher activation in the right gyrus rectus for
A-allele carriers relative to C/C homozygotes. The gyrus
rectus lies within the medial orbitofrontal cortex and has
been shown to be implicated in successful operant extinction
[28, 31]. Although our results need to be replicated in future
research, they provide preliminary evidence that FAAH
C385A might impact activation in the medial orbitofrontal
cortex during emotion reactivity. For emotion regulation,
we observed significantly higher activation in the left and
right ACC and decreased activation in the insula for A-allele
carriers compared to C/C homozygotes. Studies have reli-
ably shown that negative stimuli elicit a strong response
in affective regions (most prominently amygdala, but also
insula) and that reappraisal of negative stimuli results in
increased activation of frontoparietal regions, including the
ACC [40, 69]. Therefore, these results provide preliminary
evidence that A-allele carriers of FAAH C385A show not
only increased connectivity between amygdala and dACC
at rest but also increased activity of dACC during emotion
regulation, which might reflect increased recruitment of top
down control on limbic regions such as the insula. However,
we recognize that the ACC region differs from our a priori
dACC ROI mask and was only found with a less stringent
threshold. Therefore, the results need to be confirmed in
further studies.

We found no effects of FAAH C385A on task-related
effective connectivity between amygdala and dACC and
vmPFC, respectively. However, one should also keep in
mind that resting state and task-related connectivity meas-
ures differ both methodological and regarding their func-
tional implications (e.g., resting state connectivity analyses
focus on spontaneous fluctuations in a low frequency range;
PPI analyses are not generally filtered and can also include a
higher frequency range). Given our relatively small sample
size and the event-related design that tends to have generally
smaller effect sizes than block designs [73], this issue should
be addressed in larger samples using a block design with a
higher proportion of task time in the condition of interest.

Developmental challenges

Another issue that deserves attention is the fact that eCB
signaling peaks in adolescence and then declines, with AEA,
CBI1 receptor and FAAH expression fluctuating reciprocally
across development [10, 52, 57]. In detail, animal studies
revealed that the onset of adolescence is marked by the
highest expression of the CB1 receptor in both cortical and
subcortical regions, and a subsequent decline to adult levels
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throughout adolescence, especially in limbic regions [18, 23,
36, 23, 36]. Conversely, FAAH expression shows a dip at the
onset of adolescence, a subsequent increase throughout ado-
lescence and a subsequent decline to adult levels [52]. Con-
sistent with the regulatory role of FAAH, AEA levels show
an inverse pattern, that is, the highest expression at the onset
of adolescence with a subsequent decline throughout ado-
lescence and a subsequent increase to adult levels [51, 52].
These dynamic changes in AEA, CB1 receptor and FAAH
expression reflect decreasing endocannabinoid signaling
during adolescence, associated with increasing risk for anxi-
ety (for review see Hill and Patel [38]). Although our sam-
ple comprised mainly young adults (M, 24.7 +4.0 years),
participants in the samples by Dincheva et al. [20] and
Gee et al. [29] were somewhat younger (Dincheva: Mage
21.2£3.7 years and M,,. 20.1+2.2 years; Gee: M,,.
15.1+1.7 years and M, 16.3 +2.5 years), demonstrating a
slightly shifted age-distribution towards adolescence. Given
the dynamical changes and the fact that the effects of FAAH
C385A on fronto-limbic circuitry and anxiety emerge dur-
ing adolescence (as AEA levels decrease), but not before as
revealed by the study of Gee et al. [29], one might speculate
that the impact of this polymorphism peaks in adolescence
and potentially declines in later life. As the expression of key
genes in the eCB system changes (and partially decreases)
with maturation of cortical function, it might be promis-
ing to examine this temporal specificity more closely and
investigate potential differences across multiple age groups
starting from adolescence.

Limitations and future research

A limitation of our study is the comparably small sample
size in the context of molecular genetics. Therefore, further
studies using larger samples are clearly needed to confirm
the results. In addition, although we found FAAH-related
differences in fronto-amygdala connectivity, further studies
should extend these findings regarding the underlying neu-
robiological mechanisms that contribute to these differences.
Related to that, a recent study identified another player in
the eCB system to be implicated in development of anxiety,
the cannabinoid CB1 receptor [47]. Other genes related to
anxiety disorders are the monoamine oxidase A (MAOA)
gene, the oxytocin receptor (OXTR) gene [68, 89] and genes
in the well-established monoaminergic system [8, 58, 60].
Based on these findings, further studies should investigate
polygenic effects of these reasonable candidates to enhance
power and to account for complex gene—gene interactions.
Regarding our study design, the resting state meas-
urement took place in a separate session approximately
one week after the emotion regulation task. Although there
was no dropout and the investigated effects are supposed
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to be independent from each other (resting state vs. task-
related), unknown effects of time cannot be excluded since
the experimental protocol was not randomized. Addition-
ally, about half the participants underwent another experi-
mental condition (‘increase’ as additional strategy) in the
emotion regulation task, resulting in a somewhat shorter
picture presentation. However, we included a group variable
as additional covariate in all respective analyses to control
for the potential impact of these small discrepancies in the
study design. Furthermore, to stay close to the protocol (e.g.,
McRae et al. [62], Walter et al. [85]), we did not include
a physiological measure to assess whether the participants
were always looking directly to the pictures. However, we
explicitly instructed the participants to pay close attention
to the task and the presented stimuli and to not look away
or close their eye. Retrospective ratings revealed that of all
participants, n =2 turned a blind eye somewhere during the
permit condition; and n=3 somewhere during the detach
condition. Although we find it highly unlikely that the results
are influenced by this, taking additional measures like eye-
tracking into account would be advantageous to ensure that
participants are looking directly to the pictures. In addi-
tion, all participants were healthy and screened for previous
medical, neurological or psychiatric illness or treatment.
Thus, we likely reduced the variance of the phenotype and
consequently reduced the power to detect genotype effects.
However, Dincheva et al. [20] and Conzelmann et al. [13]
also examined a truly healthy sample. Therefore, the sample
characteristics are very unlikely to explain some of the find-
ings. Moreover, we did not collect physiological parameters
(e.g., respiration rate, pulse) to control for them during the
noise correction procedure. However, the de-noising proce-
dure in the CONN toolbox allows for an approximate cor-
rection of physiological noise and does not require external
monitoring of physiological fluctuations [4]. Nevertheless,
given the findings that especially in resting-state studies a
sufficient form of noise correction is crucial to reduce type
I errors [45, 67], further studies should include additional
physiological parameters to directly assess physiological
noise and control for its influence.

Conclusion

In summary, our investigation revealed preliminary sup-
port for a link between FAAH C385A and fronto-amygdala
connectivity during rest and provides initial evidence for
differential functional activity during emotion reactivity
and emotion regulation depending on FAAH C385A geno-
types. Future research is needed to validate and extend
these findings using further paradigms on emotional pro-
cessing. Furthermore, gene X environment interactions and
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epigenetic mechanisms play a profound role in phenotype
manifestation, thereby representing promising approaches
for further investigations. Larger sample sizes and poly-
genic approaches as pursued by Sipe et al. [81] and Lieb
et al. [56] may enhance power and enable more precise
predictions on the role of FAAH C385A on fronto-amyg-
dala circuitry and its underlying mechanisms in emotion
processing.
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