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Abstract

Rationale Intact cognitive and emotional functioning is vital for the long-term success of addiction treatment strategies.
Accumulating evidence suggests an association between chronic marijuana use and lasting alterations in cognitive brain function.
Despite initial evidence for altered emotion processing in dependent marijuana users after short abstinence periods, adaptations in
the domain of emotion processing after longer abstinence remain to be determined.

Objective and methods Using task-based and resting state fMRI, the present study investigated emotion processing in 19
dependent marijuana users and 18 matched non-using controls after an abstinence period of > 28 days.

Results Relative to the control subjects, negative emotional stimuli elicited increased medial orbitofrontal cortex (mOFC) activity
and stronger mOFC-dorsal striatal and mOFC-amygdala functional coupling in dependent marijuana users (p < 0.022, FWE-
corrected). Furthermore, mOFC-dorsal striatal functional connectivity was increased at rest in marijuana users (p <0.03, FWE-
corrected). Yet, processing of positive stimuli and subjective ratings of valence and arousal were comparable in both groups.
Conclusions Together, the present findings provide the first evidence for persisting emotion processing alterations in dependent
marijuana users. Alterations might reflect long-term neural adaptations as a consequence of chronic marijuana use or predispos-
ing risk factors for the development of marijuana dependence.

Keywords Marijuana - Substance dependence - Abstinence - Emotion - fMRI - Orbitofrontal cortex - Striatum - Cannabis -
Amygdala
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Accumulating evidence regarding non-acute effects of
chronic marijuana use suggests cognitive impairments that
persist for several days after last use (Broyd et al. 2016)
paralleled by altered neural functioning in prefrontal-limbic
networks (Martin-Santos et al. 2010). Findings concerning
persisting effects of chronic use on cognitive brain function
are less consistent. Whereas some studies reported partial re-
covery of cognitive processing at the behavioral and neural
level (Schreiner and Dunn 2012), others observed impair-
ments of executive functions in the context of altered neural
processing in prefrontal regions after prolonged abstinence
(Martin-Santos et al. 2010), including changes in orbitofrontal
cortex (OFC) activation alongside faulty decision-making af-
ter 25 days of abstinence (Bolla et al. 2005). Importantly, a
dynamic susceptibility contrast MRI study could show that
cerebral blood volume is increased in frontal regions in
long-term cannabis users after 7 days of abstinence, but nor-
malizes with continued abstinence (Sneider et al. 2008).
Together with findings indicating that impairments in func-
tional domains that critically rely on the integrity of the pre-
frontal cortex, such as motivation, inhibition, and executive
function (partly) normalize with prolonged abstinence across
drugs of abuse (Verdejo-Garcia et al. 20006), these previous
findings emphasize the need to determine functional impair-
ments that persist during prolonged abstinence.

In contrast to the large number of studies examining alter-
ations in cognitive brain function, only a small number of
fMRI studies have addressed effects of regular marijuana
use on emotion processing. Initial studies investigating effects
of chronic marijuana use after short abstinence periods re-
vealed decreased amygdala and cingulate reactivity during
implicit emotional processing of masked faces (Gruber et al.
2009), blunted activation during processing of negative words
(Heitzeg et al. 2015), and decreased prefrontal activity during
explicit evaluation of affective scenes (Wesley et al. 2016).
However, the fMRI data was acquired after 12-24 h of mari-
juana abstinence and therefore subacute effects of
cannabinoids and cannabinoid metabolites could not be ruled
out. Moreover, study samples consisted of non-dependent
marijuana users. A recent behavioral study could show that
dependent marijuana users display deficits in both identifica-
tion and discrimination of facial emotions after a minimum
abstinence of 28 days (Bayrake1 et al. 2015). However, neural
alterations that underlie altered emotion processing in mari-
juana dependence after prolonged abstinence remain to be
determined.

Early abstinence periods are characterized by withdrawal
(Budney et al. 2003), craving (Lee et al. 2014), and emotional
distress (Jacobus et al. 2017) which have been shown to de-
crease over the course of 28 days (Lee et al. 2014; Jacobus
et al. 2017). Therefore, longer abstinence periods are of par-
ticular relevance when assessing emotional functioning, as
negative affective states related to marijuana withdrawal
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together with potential subacute effects of the drug may im-
pact the outcome measures during early abstinence.

Against this background, the present fMRI study examined
basic emotion processing and subjective emotion perception
in marijuana-dependent individuals after an abstinence period
of >28 days. Based on previous findings, suggesting de-
creased limbic and frontal activity in marijuana users follow-
ing short abstinence periods (Gruber et al. 2009; Wesley et al.
2016), we expected reduced frontal and limbic activity during
processing of emotional scenes in dependent marijuana users
relative to matched healthy controls. To further explore alter-
ations in brain networks, differences in functional connectivity
during emotion processing and at rest were examined.

Materials and methods
Experimental protocols

Twenty-one volunteers (two females) with marijuana depen-
dence according to DSM-IV criteria and 20 matched healthy
non-using volunteers (two females) were enrolled in the study.
General study eligibility was assessed via telephone screening.
All 41 eligible participants completed two separate study ap-
pointments. On the first day, participants were screened for
inclusion and exclusion criteria. An experienced clinical psy-
chologist assessed whether marijuana users met the criteria for
marijuana dependence according to DSM-IV criteria (SCID
interviews; Wittchen et al. 1997). On the second day, all partic-
ipants completed questionnaires and cognitive tests, as well as a
urine screen prior to the fMRI session. Inclusion criteria for all
participants were (1) age 18-35 years, (2) right-handedness,
and (3) a negative qualitative urine toxicology for marijuana
and other prevalent illicit drugs on the day of the experiment
(Drug-Screen® Pipette test by Nal van Minden, Moers,
Germany, Multi 7TF for amphetamines (500 ng/ml), cocaine
(300 ng/ml), methamphetamine (500 ng/ml), THC (50 ng/ml),
MDMA/ecstasy (300 ng/ml), opiate (300 ng/ml), methadone
(300 ng/ml)). Inclusion criteria for marijuana users were (1) a
marijuana dependence according to DSM-IV criteria and (2)
marijuana abstinence > 28 days based on a self-report of days
since last cannabis use (duration of abstinence in days since last
use: M=166.95, SD =280.08; Median=42.00, range = 14—
1035). One user reported having used marijuana on one occa-
sion 14 days before the experiment but was included due to his
negative urine drug screen on the examination day. Control
subjects were included if their cumulative lifetime marijuana
use was below 10 g. Exclusion criteria for all participants were
(1) any profound DSM-IV axis I or axis II disorder, such as
psychotic or bipolar disorders (assessed with SCID inter-
views), (2) a clinically relevant depressive symptom load
(Beck Depression Inventory, BDI-II, score >20 (Beck et al.
1996)), (3) a clinically relevant medical disorder, including
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neurological, cardiovascular, and internistic disorders, (4) in-
take of psychotropic medication in the 28 days prior to the
fMRI assessment, and (5) MRI contraindications. Attention
and general intelligence were assessed using validated mea-
sures (d2-Test of attention (Brickenkamp and Zillmer 1998),
Wortschatztest, WST assessing approximate verbal 1Q level
(Metzler and Schmidt 1992), respectively). To control for mood
differences that might affect emotion processing, subjects com-
pleted the positive and negative affect schedule (PANAS,
(Crawford and Henry 2004)) on the day of the assessment.
Parameters of marijuana use were documented for marijuana
users using a standardized structured interview (Becker et al.
2010) in which participants were asked to specify the age of
onset (M = SD 14.90 + 1.25 years), frequency of use (M + SD
27.33 £5.94 days per month), and duration of regular use (M =
SD 71.33 +34.29 months) (detailed interview form is available
upon request from the corresponding author). Experiences with
other prevalent licit and illicit drugs of potential abuse were also
documented in this interview. Marijuana-dependent individuals
were recruited in collaboration with the LVR Clinic Bonn and
through advertisements. All subjects gave written informed
consent before study inclusion. The study was in accordance
with the latest revision of the Declaration of Helsinki, had full
ethical approval by the local ethics committee of the medical
faculty, University of Bonn (Application Number: 220/12), and
was registered as clinical trial (NCT02711371, https://
clinicaltrials.gov/ct2/show/NCT02711371).

Emotion processing paradigm

The emotion processing fMRI paradigm included four “neg-
ative,” four “positive,” and four “neutral” blocks, each com-
prising six negative (M + SD: valence =2.71 + 0.63, arousal =
6.12 +0.82), positive (M £ SD: valence = 7.32 £0.55, arous-
al =4.99 + 1.37), or neutral pictures (M £ SD: valence = 5.44
+0.47, arousal =3.25+0.50) selected from the International
Affective Picture System (IAPS). Each picture was presented
for 2 s with a 100-ms inter-stimulus interval. Blocks were
presented in a randomized order and interspersed with a
jittered inter-block-interval (13—15 s). Subjects were
instructed to passively view the pictures. To ensure attention,
subjects had to confirm each picture with a button press of the
right index finger. The paradigm was presented in two succes-
sive runs. Following the fMRI scan, subjects rated their sub-
jective emotional perception of the previously shown stimuli
in terms of valence and arousal on the Self-Assessment
Manikin (SAM) scale (arousal 0 “lowest arousal”—9 “highest
arousal”; valence 0 “very negative”9 “very positive”).

Study sample

Twenty-one dependent marijuana users and 20 non-using
healthy controls participated in the fMRI study. N =2 subjects

per group were excluded due to excessive head motion (see
fMRI preprocessing), resulting in a sample size of 19 marijua-
na users and 18 control subjects for the fMRI analysis. Post-
scan emotional ratings from N =1 subject per group were lost
due to technical failure, resulting in a sample size of 18 mar-
ijuana users and 17 control subjects for the behavioral data
analysis (see Fig. S1).

Behavioral data analysis

For non-normally distributed data, we report the median and
range. A repeated measures analysis of variance (ANOVA)
was performed on valence and arousal ratings with emotions
(“negative,” “positive,” and “neutral”) as a within-subject fac-
tor and group (marijuana users vs controls) as a between-
subject factor. Significant interactions and main effects were
further explored using post hoc Bonferroni-corrected compar-
isons. The final analysis included 18 marijuana users and 17
controls.

MRI data acquisition

Images were collected using a 3T Siemens TRIO MRI system
(Siemens, Erlangen, Germany). fMRI data was acquired using
a T2*-weighted echo-planar imaging (EPI) pulse sequence
(emotion processing: repetition time = 2500 ms, echo time =

30 ms, number of slices =37, slice thickness =3.0 mm, no
gap, field of view = 192 x 192 mm?, resolution = 64 x 64, flip
angle =90°, number of volumes per run = 160; resting state:
repetition time =2580 ms, echo time =30 ms, number of
slices =47, slice thickness = 3.5 mm, no gap, field of view =

224 x 224 mm?>, resolution = 64 x 64, flip angle = 80°, num-
ber of volumes = 180). For the resting state acquisition, sub-
jects were instructed to stay relaxed, close their eyes, and think
of nothing in particular while not falling asleep. To exclude
subjects with apparent brain pathologies and to improve nor-
malization of the functional EPI images, high-resolution
whole-brain volume T1*-weighted images were acquired
obliquely using a 3D spoiled gradient echo pulse sequence
(repetition time = 1660 ms, echo time =2.54 ms, flip angle =

9°, field of view = 256 x 256 mm?>, acquisition matrix =256 x

256, thickness = 0.8 mm, number of slices = 208).

fMRI preprocessing: emotion processing task fMRI

Images were processed using SPM8 (Wellcome Department
of Cognitive Neurology, London, UK). The first five vol-
umes of each subject and each run were discarded to allow
magnet equilibration. The remaining functional images were
realigned to correct for head motion, and subsequently, the
mean functional EPI image was co-registered to the T1 im-
age. For normalization, a two-step procedure was applied.
First, normalization parameters were determined by
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segmenting the T1 image using the default tissue probability
maps as priors. Next, normalization parameters were applied
to normalize the functional images to the standard anatomi-
cal Montreal Neurological Institute (MNI) space resampled
at 2.0 x2.0x 2.0 mm>. Normalized images were spatially
smoothed with a 6-mm full width at half maximum
(FWHM) Gaussian kernel. Four subjects were excluded
due to excessive head movement (>3 mm or >3°; two
males per group). The final fMRI analysis included 19 mar-
ijuana users and 18 control subjects.

fMRI data analysis: emotion processing task fMRI

The first level design matrix included three experimental re-
gressors (“negative,” “positive,” “neutral”) convolved with
the canonical hemodynamic response function and the six
realignment parameters to control for head motion. In line
with previous studies on emotion processing alterations in
marijuana users (Gruber et al. 2009; Wesley et al. 2016),
valence-specific contrasts (“negative > neutral,” “positive >
neutral”) were used for between-group comparisons by means
of SPM two-sample ¢ tests. Based on our a priori hypothesis
and a recent systematic review indicating small to moderate
effect sizes (Ganzer et al. 2016) of neural alterations in absti-
nent marijuana users, the second level analysis was regionally
restricted to increase the sensitivity to detect lasting effects of
marijuana use. To this end, the second level analysis focused
on regions that (1) show particular high densities of
endocannabinoid (CB1) receptors (Mackie 2008) and (2) have
been translationally determined to be involved in valence pro-
cessing (Hayes et al. 2014). Regions of interests (ROIs) were
structurally defined using standardized brain atlases and in-
cluded: cingulate cortex, orbitofrontal cortex (OFC), anterior
insula (AI), striatum (caudate and putamen combined to a
single mask) (Automatic Anatomical Labeling (AAL) atlas),
amygdala, and hippocampus (probabilistic maps, Anatomy
toolbox 2.1). Results were considered significant at p < 0.05
family-wise error corrected (prwg, peak-level correction). To
further examine effects of marijuana dependence on func-
tional coupling within the emotion processing network, a
generalized psycho-physiological interaction (gPPI,
(McLaren et al. 2012)) analysis was conducted. Seed regions
were defined as 6-mm spheres centered at the MNI-
coordinates of the maximum ¢ value of between-group dif-
ferences from the BOLD level analysis. The gPPI toolbox
(https://www.nitrc.org/projects/gppi) was used to model
psycho-physiological interactions. Two-sample ¢ tests were
used to examine group differences of connectivity for the
corresponding contrasts. In line with the BOLD level anal-
ysis, the analysis focused on the structurally defined masks,
and results were considered significant at ppwg < 0.05 (SVC)
, peak-level correction.

9
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Resting state fMRI data acquisition and preprocessing

The emotion processing paradigm was preceded by a 7.54-min
resting state fMRI acquisition. The first five volumes were
discarded, and remaining volumes were slice-timing corrected,
spatially realigned to the first EPI volume, and unwarped to
compensate for non-linear distortions caused by head motion
or magnetic field inhomogeneity using SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12/).These volumes were
further processed using the FMRIB Software Library (FSL,
http://www.fmrib.ox.ac.uk/fsl), including non-brain removal
using BET (Smith 2002), spatial smoothing using a Gaussian
kernel of 6 mm FWHM, and global 4D mean intensity normal-
ization. Note that no temporal filtering was applied at this stage
of processing. Registration of functional data to structural im-
ages was carried out using affine boundary-based registration as
implemented in FSL FLIRT (Jenkinson et al. 2002).
Registration from structural to standard space was then refined
using FNIRT non-linear registration (Andersson et al.
2007). Additional preprocessing included an independent
component analysis for automatic removal of motion ar-
tifacts (ICA-AROMA, (Pruim et al. 2015)), removal of
mean signals from white matter and cerebrospinal fluid
by means of linear regression, and bandpass filtering (0.
01-0.1 Hz). In line with Pruim et al. (2015), white matter
and CSF time series were derived by determining the
mean time series over voxels within predefined subject-
specific WM and CSF masks. These masks were obtained
by applying FSL FAST to the T1 image with a threshold
of 95% and then registered to native EPI space. Likewise,
we registered the MNI152 average CSF and WM segmen-
tation maps (priors) which were subsequently masked by
the thresholded registered segmentations and finally
thresholded (95% of the robust range) to obtain the re-
spective conservative CSF and WM masks.

Confirmatory analysis of fMRI resting state
connectivity

The specific aim of the resting state analysis in the present
study was to determine whether altered functional connec-
tivity during task emotion processing can also be ob-
served during rest. To this end, a targeted analysis was
conducted on the pathways identified in the task-based
connectivity analysis. The seed regions were defined as
a 6-mm sphere centered at the maximum ¢ value of the
group differences determined by the BOLD level analysis
of the emotion processing task. Resting state functional
connectivity maps were first generated using voxel-wise
correlation analysis between the seed and other voxels in
the entire brain and subsequently converted to Z-maps
(Fisher’s z-transformation).
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Group differences between marijuana users and controls
were determined using two-sample ¢ tests. Given the confir-
matory nature of the analysis, statistical comparisons were
restricted to the pathways determined by the task-based con-
nectivity analysis. Masks for target regions were defined as
10-mm spheres centered at the maximum ¢ values from the
between-group differences determined by the task-based con-
nectivity analysis. A threshold of prwg < 0.05 (SVC) peak-
level correction was applied.

Correlation analysis with parameters of marijuana use

To explore whether neural alterations were associated with the
severity of marijuana use, percent signal change (BOLD) and
parameter estimates (gPPI) extracted from 6-mm spheres cen-
tered at the MNI-coordinates of the maximum ¢ value of group
differences from the BOLD level analysis (X, y, z: 8, 48, —2;
right mOFC) and gPPI analysis (task-based: — 14, 18, — 6, left
caudate; — 22, — 4, — 28, left basolateral amygdala; 14, 44, — 2,
right mOFC; resting state: — 18, 15, —12; left DS) were en-
tered into Pearson correlation analyses with the duration of
regular use (months) and cumulative lifetime use (computed
as total lifetime amount in gram), as use-based measures of
dependence severity. Results were considered significant at
p<0.05.

Results
Group characteristics

Marijuana users and healthy controls were comparable in age,
years of education, verbal intelligence (WST), d2 concentra-
tion performance, and negative affect (PANAS negative af-
fect) (all p > 0.05, Table 1). Although marijuana users reported
lower positive affect before entering the scanner (PANAS
positive affect) (p =0.02, Table 1), both groups scored in the
normal range for positive affect (Crawford and Henry 2004),
indicating a stable emotional state at the time of the assess-
ment. Importantly, groups did not differ regarding the use of
alcohol or nicotine (see Table 2). As expected, marijuana users
reported greater lifetime experiences with other illicit drugs
than controls (Table 2). Marijuana, however, was the primary
substance of abuse, and all users fulfilled the criteria for mar-
ijjuana dependence according to DSM-IV, but not the criteria
for any other previous or current substance dependence (ex-
cept for nicotine dependence).

Behavior—valence and arousal ratings
Marijuana users rated negative images with a mean valence of

2.91+1.61 and arousal of 5.86 £2.49, positive images with a
mean valence of 6.38 +£1.40 and arousal of 4.70+2.41, and

Table 1  Demographic characteristics of marijuana-dependent subjects
and controls. Marijuana users: N =19, controls: N=18
Measure Marijuana users Controls (N = p
N=19M 18)
(SD) M (SD)
Age 23.79 (3.24) 24.11 (3.14) 0.76
Years of education 14.39 (2.47) 14.89 (2.27) 0.53
WST 29.37 (5.98) 29.56 (3.73) 091
D2 concentration 176.16 (34.20) 197.11 (51.25)  0.15
performance
PANAS negative affect 13.89 (4.77) 11.56 (1.76) 0.06
PANAS positive affect 29.95 (5.66) 34.78 (5.99) 0.02

neutral images with a mean valence of 5.16 + 1.18 and arousal
0f 2.99 +£2.03. Non-using control subjects rated negative im-
ages with a mean valence of 3.21 + 1.88 and arousal of 5.18
2.70, positive images with a mean valence of 6.37+1.67 and
arousal of 3.90 +£2.56, and neutral images with a mean va-
lence of 5.18 +1.48 and arousal of 2.27 +1.92 (Table 3).

For valence ratings, a repeated measures ANOVA revealed a
significant main effect of emotion (F5, ¢6,=185.08, p <0.001).
Post hoc tests showed that valence ratings were highest for pos-
itive pictures, followed by neutral and negative pictures (all p’s <
0.001, 6.49+0.54, 5.33+0.43, 3.07 = 1.13 for positive, neutral,
and negative pictures, respectively). There were no significant
group differences (all p’s>0.202). For arousal ratings, there
was a significant main effect of emotion (F2, ¢6)=66.17,
»<0.001). Post hoc tests showed that arousal was highest for
negative pictures, followed by positive and neutral pictures (all
p’s<0.001, 5.54+1.58, 4.37+1.46, 2.72+1.21 for negative,
positive, and neutral pictures, respectively). There were no sig-
nificant group differences (all p > 0.073).

Emotion processing fMRI—BOLD level and task-based
connectivity

A group comparison of “negative > neutral” revealed
stronger right medial OFC activity (right mOFC, MNI:
8, 48, —2, t=3.95, prwe=0.022 (SVC), voxels=12) to
negative stimuli in marijuana users relative to control sub-
jects (Fig. la). No significant group differences were ob-
served in other regions of the emotion processing network
or during processing of positive pictures (“positive >
neutral”). A subsequent analysis of functional connectivity
showed increased coupling of the right mOFC with the
left dorsal striatum (DS, caudate, MNI: — 14, 18,6, t=
4.15, prwe=0.030 (SVC), voxels=4) and the left amyg-
dala (basolateral sub-region, MNIL: —22, —4, —28; t=3.91,
Prwe=0.026 SVC; voxels=1; considered as preliminary
finding due to the small cluster-extend), as well as de-
creased connectivity within the right mOFC (MNI: 14,
44, =2, t=4.41, prwe=0.002 (SVC), voxels=9) for the
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Table 2 Parameters of licit and
illicit drug use

Measure Marijuana users Controls P

M (SD) M (SD)
Licit drugs
Alcohol units per week 5.38 (6.65) 5.23 (5.50) 0.94
Number of cigarette smokers N=18 N=17 -
Years of nicotine use 8.67 (4.32) 6.66 (4.29) 0.18
Number of cigarettes per day 9.57 (5.87) 9.88 (6.68) 0.88
Illicit drugs
Number of participants with past ecstasy use N=12 N=2 -
Lifetime occasions of ecstasy use 15.13 (22.58) 4.50 (4.95)
Number of participants with past cocaine use N=10 N=0 -
Lifetime amount of cocaine use 8.80 (8.20) -
Number of participants with past amphetamine use N=14 N=1 -
Lifetime amount of amphetamine use 17.50 (1-1400)* 6.00
Number of participants with past hallucinogen use N=6 N=0 -
Lifetime amount of hallucinogen use 7.17 (11.43) -
Number of participants with past opiate use N=2 N=1 -
Lifetime amount of opiate use 2.52.12) 30.00%*
Number of participants with past marijuana use N=19 N=18 -
% lifetime marijuana dependence 100% 0%

Marijuana users: N =19, controls: N =18 (unless indicated otherwise)

*Median

Prescription medical use

contrast “negative > neutral” in marijuana users relative to
controls (Fig. 1b).

Resting state fMRI—intrinsic connectivity
of the medial orbitofrontal cortex

Relative to controls, marijuana users showed increased
functional connectivity at rest between the right mOFC
seed and the left DS (MNI: —18, 15, —12, r=3.82,
prwe =0.029 (SVC), voxels=5). This suggests that
marijuana users display alterations in the interplay be-
tween these regions beyond negative emotion process-
ing. Examining the right OFC-mOFC and the mOFC-
amygdala pathways did not yield significant group
differences.

Associations with parameters of marijuana use

We observed no association of neural indices with the duration
(months) or cumulative lifetime amount (gram) of marijuana
use (p>0.05).

Discussion

The present fMRI study investigated basic emotion processing
and perception in dependent marijuana users after 28 days of
abstinence. Findings suggest alterations in mOFC neural ac-
tivity and mOFC-DS coupling in response to negative stimuli
and in the absence of task challenge. In contrast, processing of
positive content as well as behavioral indices of emotion

Table 3 Valence and arousal

ratings of IAPS stimuli (M + SD) Negative Positive Neutral
per group and per category
Valence Arousal Valence Arousal Valence Arousal
Marijuana users ~ 2.91 £ 1.61 5.86+249 638+140 4.70+241 516£1.18 2.99+2.70
Controls 321+1.88  5.18+270 637+1.67 390+256 518+148 227+1.92
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Fig. 1 Neural differences in
emotion processing between
dependent marijuana users and
controls. a Greater BOLD signal
in the right medial orbitofrontal
cortex (MNI: 8, 48, —2) in
marijuana users during processing
of negative images, prwg < 0.05

(SVC), peak-level inference. MJ,
marijuana users; CON, controls. b
Stronger functional connectivity
between the right medial
orbitofrontal cortex (red) and the
dorsal striatum (MNI: — 14, 18, —
6) (top green) and the right
orbitofrontal cortex (MNI: 14, 44,
—2) (bottom green), prwg < 0.05
(SVC), peak-level inference

perception were found to be intact. Together, the present find-
ings add to literature on marijuana use associated emotion
processing alterations (Gruber et al. 2009; Wesley et al.
2016; Wetherill et al. 2014) and additionally suggest that neu-
ral alterations persist with prolonged abstinence in
dependentmarijuana users.

The present study revealed increased mOFC reactivity to
negative stimuli, a region consistently implicated in addiction.
However, the heightened regional activation is contrary to the
commonly observed decreased activity in response to emo-
tional stimuli in previous studies addressing marijuana-
associated alterations in emotion processing (Gruber et al.
2009; Wesley et al. 2016; Wetherill et al. 2014). Differences
between studies in the employed task paradigms, sample char-
acteristics, such as the dependence status, and the duration of
abstinence might account for the inconsistent findings.

First, whereas we assessed passive viewing of emotional
scenes, previous studies revealing decreased activation in mar-
ijuana users used paradigms employing emotional face stimuli
(Gruber et al. 2009), backward masking procedures (Gruber
et al. 2009; Wetherill et al. 2014), or explicit evaluation of
emotional scenes (Wesley et al. 2016). FMRI research indi-
cates that the class of emotional stimuli (faces vs scenes)
(Sabatinelli et al. 2011) and the level of conscious processing
(backward masked vs unmasked) (Phillips et al. 2004) deter-
mine the specific emotion networks that engage.

Second, whereas previous studies employing implicit emo-
tion processing paradigms focused on dependent users
(Wetherill et al. 2014), the dependence status in the study
employing explicit processing of emotional scenes remains
unknown (Wesley et al. 2016). Initial evidence for neural in-
dices specifically differentiating dependent from non-
dependent drug users (Smith et al. 2014), including marijuana
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users (Chye et al. 2017a), emphasize the role of mOFC
neuroadaptations in the transition from volitional to dependent
patterns of use, suggesting that dependence status may be
relevant to our findings.

Third, whereas marijuana users in previous studies
underwent short abstinence periods (<24 h) and provided
positive THC screens on the day of the examination (Gruber
et al. 2009; Wesley et al. 2016; Wetherill et al. 2014), the
present study required an abstinence period of > 28 days prior
to the assessment. Notably, studies with short abstinence pe-
riods most commonly observed decreased rather than in-
creased neural activity during emotion processing (Gruber
etal. 2009; Wetherill et al. 2014), a pattern that partly overlaps
with acute THC and CBD-induced attenuated neural activity
across domains, including the processing of, particularly neg-
ative, stimuli (Rabinak et al. 2012; Bossong et al. 2013), in-
hibitory control (Bhattacharyya et al. 2017), and salience pro-
cessing (Bhattacharyya et al. 2012). Within this context, the
present findings suggest that marijuana-associated neural al-
terations during emotion processing change over the course of
abstinence. Attenuated neural reactivity to negative stimuli
during early stages of abstinence—possibly due to (sub-)acute
effects of cannabinoids—might change to exaggerated neural
responses with longer periods of abstinence.

In regard to the abovementioned observations, the present
findings of increased mOFC neural responsivity to negative
stimuli after 28 days of abstinence suggest that marijuana-
associated alterations in emotion processing may specifically
be related to marijuana dependence and may change during
the course of abstinence.

Altered prefrontal functioning in the absence of behavioral
differences is commonly observed in studies assessing cogni-
tive brain function in abstinent marijuana users (Bolla et al.
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2005; Chang et al. 2006; Schweinsburg et al. 2008; Tapert
et al. 2007). Our present findings extend previous literature
by suggesting that lasting prefrontal alterations not only affect
cognitive brain processes, but may contribute to abnormal
emotion processing. Interestingly, regular marijuana users of-
ten report gaining control of negative emotions as primary
motivational drive to use marijuana (Simons et al. 2000).
Thus, altered processing of negative affect may be a predis-
posing factor contributing to the initiation or later escalation of
use. In line with this notion, Chye et al. (2017b) observed an
association between a distinctive OFC sulcogyral pattern type,
amorphological pattern developed early on in life, and greater
lifetime cannabis use. The associated pattern type is above that
commonly associated with negative emotionality, both
supporting that OFC alterations impacting affective process-
ing may contribute to increased cannabis use. However, the
present study design does not allow causal inference.

Increased mOFC activity in the present sample of depen-
dent marijuana users was accompanied by stronger connectiv-
ity with the DS during negative processing and at rest. Altered
network connectivity has repeatedly been observed in
marijuana-dependent subjects after short abstinence periods.
Studies focusing on the fronto-striatal circuitry report de-
creased connectivity at rest following 12 h of abstinence
(Blanco-Hinojo et al. 2016), as well as increased connectivity
during task challenge following 72 h of abstinence (Filbey and
Yezhuvath 2013). Fronto-striatal pathways are modulated by
endocannabinoid signaling (Gremel et al. 2016), and an acute
pharmacological THC challenge transiently reduces connec-
tivity in these pathways (Bhattacharyya et al. 2015). In con-
trast, lasting increases in OF C-striatal connectivity at rest have
been observed in disorders related to marijuana dependence,
such as cocaine dependence (Contreras-Rodriguez et al. 2016)
as well as obsessive-compulsive disorder (Beucke et al. 2013).
In this context, the current results might reflect a switch from
decreased OFC-striatal connectivity during the early course of
abstinence to increased connectivity with prolonged absti-
nence. Neuroplastic changes in this circuitry have been pro-
posed to underlie the development of substance addictions. In
particular, the transition from voluntary to habitual drug intake
is thought to be reflected in a shift from the ventral to dorsal
striatum and deficient prefrontal inhibitory control processes
(Everitt and Robbins 2013). Beyond that, altered communica-
tion between prefrontal regions with the striatum and the
amygdala has been suggested as the neurobiological basis of
deficient behavioral and emotional control, a core characteris-
tic of drug addictions (George and Koob 2010).

The OFC has been implicated in a broad range of cognitive
and emotional functions, particularly reward (Elliott et al.
2010; Liu et al. 2011) and affective value processing
(Shenhav et al. 2013), and decision-making (Cunningham
et al. 2009; Lawrence et al. 2009). The OFC and striatum
share reciprocal structural and functional connections (Di
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Martino et al. 2008; Jarbo and Verstynen 2015), thought to
be involved in reward processing (Tanaka et al. 2004) and
reinforcement-guided learning (Gremel and Costa 2013).
Although disruptions in these functional domains and associ-
ated neural indices of OFC-DS functioning have been ob-
served across substance addictions (Everitt and Robbins
2016; Luijten et al. 2017), including marijuana-dependence
(Bolla et al. 2005), the present study revealed alterations dur-
ing processing of negative, rather than positive stimuli.

Recent evidence outlines an increasing role of the DS and
OFC not only in positive but also negative emotion process-
ing. Together with the amygdala, the DS, particularly the cau-
date, exhibits strong reactivity to negative visual stimuli
(Carretie et al. 2009) with the OFC being involved in the
automatic downregulation of this limbic-striatal reactivity to
negative affective stimulation (Ochsner and Gross 2005;
Phillips et al. 2008). Furthermore, a recent study revealed
altered prefrontal-amygdala coupling associated with regula-
tion of negative affect in regular marijuana users
(Zimmermann et al. 2017). In line with this conceptualization,
the present connectivity findings might reflect either increased
bottom-up signaling or top-down control in response to neg-
ative stimuli in dependent marijuana users, with the lack of
alterations in the subjective perception of negative stimuli and
the preliminary findings on increased mOFC-amygdala con-
nectivity arguing for the latter. However, positive task stimuli
in the present study were rated as moderately positive and
therefore may not have been sensitive enough to uncover neu-
ral adaptations underlying positive emotion processing. Thus,
it cannot be excluded that processing of positive stimuli of
higher hedonic value, such as monetary rewards, may be im-
paired in marijuana users, as previously reported (Cousijn
et al. 2013; Nestor et al. 2010).

Our findings need to be interpreted in view of several limi-
tations. Abstinence periods were assessed by self-report and
negative qualitative urine screenings (cut-off 50 ng/ml) on the
day of the fMRI assessment. Although marijuana metabolites
remain detectable in urine samples for several weeks after ces-
sation of chronic use (McGilveray 2005) and previous studies
found a high reliability of self-reported cannabis use (Martin
et al. 1988), we cannot entirely exclude sporadic marijuana use
during the assumed 28 days of abstinence. Future studies
implementing supervised inpatient abstinence periods would
allow to overcome this shortcoming and reliably ensure absti-
nence. Furthermore, quantitative urine toxicology of marijuana
metabolites would allow to infer a lack of subacute affects.

Although negative emotionality plays an important role in
the development and maintenance of substance use disorders
(Cheetham et al. 2010; Volkow 2004) and emotion perception
impairments have been observed in abstinent marijuana users
(Bayrakei et al. 2015; Somaini et al. 2012), neural alterations
in the present study were not accompanied by altered emotion
perception. This pattern might either reflect a normalization or
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neural compensatory mechanism; however, the lacking sensi-
tivity of task stimuli to uncover behavioral changes might also
have contributed to the absence of behavioral group differ-
ences. In line with previous literature (Wesley et al. 2016),
the present findings suggest a higher sensitivity of neural
markers to determine marijuana-associated alterations in emo-
tion processing, as has previously been hypothesized for cog-
nitive functions (Cousijn et al. 2014). Alternatively, rating the
emotional experience requires cognitive effort and insight into
one’s actual state of affect and arousal, and a recent study
could link low emotional clarity to problematic marijuana
use (Boden et al. 2013). Therefore, subjective ratings may
not entirely reflect the actual emotional experience. Second,
valence and arousal ratings were obtained following the fMRI
session. Novelty of emotional stimuli has been shown to play
a role in the emotional response (Weierich et al. 2010). Thus,
the familiarity of the images may have led to deviations from
the initial valence and arousal perception during the imaging
session. To overcome these limitations, future studies may use
stimuli of higher valence or varying levels of valence and
include ratings immediately following the stimulus.

The groups included only a low number of females (N =2);
thus, the present findings do not allow to draw conclusions regard-
ing the generalizability of the findings across genders. Following
studies might consider specifically addressing this issue.

Finally, dependence status was determined according to
DSM-IV diagnostic criteria, yet more detailed measures of
marijuana dependence were not documented. For instance,
the severity of dependence may impact the extent of neurobi-
ological alterations. Beyond that, the subjective judgment of
one’s dependence may be a crucial factor as well. This study
included an extensive profile of marijuana use patterns which
serve as indirect indicators of the severity of dependence. Yet,
future studies would benefit from including more elaborate
data on dimensional measures of marijuana dependence.

Together, these findings on altered orbitofrontal reactivity
and orbitofrontal-striatal connectivity during processing of
negative stimuli and at rest suggest emotion processing alter-
ations in marijuana-dependent individuals that persist with
prolonged abstinence. Alterations might reflect neural adapta-
tions as a consequence of chronic marijuana use or predispos-
ing risk factors for the development of marijuana dependence.
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