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Abstract

In spite of evidence suggesting two possible mechanisms related to drug-seeking behavior, namely reward-seeking and
harm avoidance, much of the addiction literature has focused largely on positive incentivization mechanisms associated
with addiction. In this study, we examined the contributing neural mechanisms of avoidance of an aversive state to drug-
seeking behavior during marijuana withdrawal. To that end, marijuana users were scanned while performing the monetary
incentive delay task in order to assess positive and negative incentive processes. The results showed a group x incentive
interaction, such that marijuana users had greater response in areas that underlie reward processes during positive
incentives while controls showed greater response in the same areas, but to negative incentives. Furthermore, a negative
correlation between withdrawal symptoms and response in the amygdala during negative incentives was found in the
marijuana users. These findings suggest that although marijuana users have greater reward sensitivity and less harm
avoidance than controls, that attenuated amygdala response, an area that underlies fear and avoidance, was present in
marijuana users with greater marijuana withdrawal symptoms. This is concordant with models of drug addiction that
involve multiple sources of reinforcement in substance use disorders, and suggests the importance of strategies that focus
on respective mechanisms.
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Introduction and ventral striatum (VS) underlie reward craving and motivation
for drugs, including marijuana, and their associated cues [7,8].
Similar findings have also been reported in response to secondary,
non-drug (i.e., money) rewards in marijjuana users. Using the
monetary incentive delay (MID) task to determine reward

Drug-secking behavior has been attributed to positive rein-
forcement processes that underlie increased sensitivity to reward-
ing effects of drugs as well as negative reinforcement processes,
such as those that occur during avoidance of aversive effects of
withdrawal [1]. In the allostasis model, for example, the
development of addiction is characterized by different sources of
reinforcement depending on the specific stage of the disorder (i.e.,
initiation, maintenance, relapse) [2]. For instance, initiation and
transition to drug addiction are associated with heightened
sensitivity to rewarding stimuli (i.e., positive reinforcement), which
is characterized by hyper-responsiveness in the reward neurocir-
cuitry. The allostasis model also describes the later stages of
addiction (i.e., maintenance and protracted abstinence) in terms of
increased sensitivity to negative stimuli. Later stages are charac-
terized in part by an increased motivation to avoid an aversive
state such as continued use of drugs in order to avoid withdrawal
symptoms [3] [4,5,6]. This later stage, referred to as the ‘dark side’
of drug addiction [3], is associated with the shift towards
motivational aspects of withdrawal.

To date, the majority of studies on the neurobiological
mechanisms of substance use disorders (SUDs) have focused on
the positive reinforcement properties of drugs that lead to drug-
secking behavior. These studies show that areas within the
mesocorticolimbic pathway such as the prefrontal cortex (PFC)

processes for monetary rewards in marijuana users, Nestor et al.
(2010) reported that greater VS response also underlies anticipa-
tion of a possible monetary gain. However, sensitivity of the VS to
rewards, including non-drug rewards has been inconsistent. In
another study utilizing the MID in long-term marijuana users,
attenuation of VS response during anticipation of monetary gain
was found compared to controls [9]. Discrepancies have been
attributed to differences in task design [10].

Unlike the literature on positive reinforcement mechanisms,
those associated with negative reinforcement remain relatively
unknown. However, the importance of negative reinforcement
processes in SUDs is widely supported by animal and human
literature illustrating that avoidance of withdrawal symptoms
functions as a motivator that, in turn, enhances the incentive value
of the drug [11,12,13,14]. Utilizing paradigms such as conditioned
place preference, animal studies demonstrate that cues associated
with drug withdrawal enhance the incentive value of drug reward
cues, and, additionally, are associated with later drug relapse [15]’
[16]. As mentioned earlier, the allostatis theory of addiction
suggests that a physiological shift in the experience of drug effects
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during prolonged use creates a transition from the rewarding
effects of the drug to the withdrawal effects of the drug. This
theory coincides with behavioral models of addiction that describe
continued use of the drug in such chronic states as a desire to avoid
negative states such as withdrawal or stress [17,18]. Human
neuroimaging studies have reported that reward-motivation
systems (e.g., orbitofrontal cortex, caudate, VS, anterior cingulate)
are also involved during negative reinforcement [19] [20]. For
instance, using the MID, Kim et al. (2006) reported that the
orbitofrontal cortex (OFC) is active during successful avoidance of
monetary loss in healthy individuals [21]. Neuroimaging studies
have also suggested that reward-motivation systems are differen-
tially affected by drug-seeking behavior, such as withdrawal [22].
For example, smokers in withdrawal showed greater activation in
brain regions for incentive salience during smoking cues, which
was also found to be positively associated with negative affect [23].
In sum, withdrawal processes involve dysregulation of similar
brain regions that underlie acute positive reinforcing effects of the
drugs (i.e., reward-motivation circuitry) [24]. The importance of
withdrawal in addiction, therefore, suggests its relevance for
intervention strategies. In cannabis dependence, however, only
recently have withdrawal symptoms been considered a clinically
significant syndrome and a potential target for therapies. Indeed,
recent studies have shown that 70% of marijuana users relapse due
to intense withdrawal symptoms suggesting negative reinforcing
effects of marjjuana in cannabis dependence [25] [26] [27]. In
sum, growing evidence support a marijuana withdrawal syndrome
that may drive the high rate of relapse in marijuana dependent
individuals.

In this study, we aimed to add to this growing literature by
investigating the underlying neural mechanisms that are associated
with negative reinforcement processes in marijuana users. To that
end, we compared the mechanisms that underlie incentive
processes for both positive and negative stimuli in marijuana
users during withdrawal and determined the relationship of these
mechanisms to withdrawal symptoms. Based on our review of the
literature that suggests that avoidance of harm, much like
acquisition of reward, is in itself rewarding, we hypothesized that
negative incentives will elicit response in similar structures within
the reward pathway such as the VS and PFC in marijuana users.
We also expected that similar to reward mechanisms, neural
mechanisms during avoidance of punishment will be greater in
marijuana users compared to non-using controls, and will be
positively associated with withdrawal symptoms.

Materials and Methods

This study was approved by the University of New Mexico and
the University of Texas at Dallas Institutional Review Boards. All
of the participants provided written informed consent to partic-
ipate in this study.

Participants

In this study, 59 heavy marijuana users (M]) and 27 non-using
controls (CON) were recruited from the general population in the
Albuquerque metro area (Table 1). Eligibility for the study
required right-handedness, having English as the primary
language, absence of current or history of psychosis, traumatic
brain injury, and MRI contraindications (e.g., pregnancy, non-
removable metallic implants, claustrophobia). MJ users were
recruited based on self-reported regular marijuana use (i.e., 4 uses
per week for at least 6 months) and a positive urinalysis for THC
metabolites. Of note, while the criterion was regular use for 6
months preceding participation in the study, for all of those
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included in the study, the minimum regular marijuana use was 1
year. Based on SCID-I (for DSM-IV) Research Version [28]
interviews, 6 participants met criteria for current marijuana abuse
and 34 met criteria for current cannabis dependence. Controls
were recruited based on self-reported absence of a lifetime history
of daily marjjuana use and negative urinalysis for THC
metabolites. All of the participants were screened via urinalysis
for other drugs of abuse and were excluded if drugs (other than
marijuana in MJ users) were detected. Based on the timeline
followback calendar, the MJ group had a mean duration of
marijuana use of 6.2 years (SD=6.3), mean marijuana use
occasions of 3.3 times per day (SD=1.6) and had a mean
marijuana withdrawal checklist (MWC) score of 6.4 (SD=4.7).
Individuals in the control group did not report any marijuana use
within the last 9 months. None of the controls met criteria for past
cannabis dependence and 3 met criteria for past marijuana abuse.
Regarding other drugs of abuse, 12 MJ users were regular tobacco
smokers (10 cigarettes per day), one MJ participant reported using
crystal meth once a month, eight participants reported using
cocaine once a month, one participant reported using cocaine
once a week and one person reported using ecstasy once a month.
In the CON group, one person reported using ecstasy once a
week. No members of CON were current smokers, although six
members of CON were former smokers (all tobacco free for at
least one year). The members of CON who previously smoked and
members of MJ group who smoked (12) did not differ in the
number of cigarettes smoked per day at peak use (#60)=.12;
p=.91). However, among members of CON and M]J groups who
drank alcohol, members of the MJ group tended to drink more
drinks per occasion (#73)=1.91; p=.061), and more often
(485)=2.45; p=.03, see Table 1).

Study Procedure

Because our goal was to ascertain the effects of withdrawal
during reward processing and studies have shown peak withdrawal
symptoms between 2-6 days from day of last use [29], MJ users
were asked to abstain from marijuana use for 72-hours prior to the
experiment to maximize withdrawal symptoms while minimizing
attrition. To verify abstinence, we used a bogus pipeline similar to
other reported studies'', during which a urinalysis (rather than
GC/MS) of THC metabolites was conducted at baseline and also
during the experimental session (i.c., following 72-hour absti-
nence). Although insensitive to 72-hour abstinence, this method
has been shown to increase accuracy of self-report [30]. Only
those who reported 72-hour abstinence were included in the study.
In addition to questionnaires that assessed frequency and quantity
of marijjuana use, participants also completed the Marjjuana
Withdrawal Checklist MWC) [29,31] to assess current withdrawal
symptoms. Following the assessments, they underwent an MRI
scan that included a high-resolution structural scan (described
below) in addition to a functional MRI scan during cue-reactivity
and stop-signal tasks (both not reported here). This was in addition
to the MID task to measure positive and negative incentive
processes (i.c., anticipation for gains and losses). All participants
received monetary compensation for their time and their
performance on the MID task.

fMRI Task

There are many different versions of the MID, but for this
study, we utilized the traditional version, which was originally
described by Knutson et al. (2000) [32] and previously used in
marijuana users?. Prior to the experiment, the participants were
informed that they would be given their earnings from the MID,
which were based on their task performance. Throughout the task,
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the participants were provided information about their cumulative
earnings. Participants received their total earnings in cash at the
end of the experiment. The participants were also given explicit
instructions that (1) during GAIN trials, they must press the button
when the target square is present in order to earn money, (2)
during LOSS trials, they must press the button when the target
square is present in order to avoid losing money, and (3) during the
NEUTRAL trials, their performance will not affect their
cumulative earnings, but that their reaction times will be recorded.
They were also given a 2-minute practice to ensure understanding
of the task. The task consisted of 2 runs of 72 x6-second trials (total
of 7:12 minutes) presented in a pseudorandom order. A single trial
began with a 250 ms cue screen that informed participants
whether the trial was an opportunity to gain money (GAIN), avoid
losing money (LOSS) or of no monetary consequence (NEU-
TRAL). In addition, the cue screen also indicated the amount of
money at stake (i.e., $0.20, $1.00 or $5.00). There were 54 GAIN
trials, 54 LOSS trials and 36 neutral trials. There were 36 trials for
each level of incentive magnitude. In order to be successful during
the trial, the participants were instructed to press a button when
the target (i.e., gray square) was presented (166—435 ms duration).
Success during GAIN trials resulted in gaining the amount of
money presented during that trial. Success during LOSS trials
resulted in not losing the amount of money presented during the
trial. During neutral trials, participants did not gain or lose money,
although they were told that their accuracy and response times
would be recorded. The target was followed by a delay period
between 1165-1934 ms, then by a feedback screen (1650 ms
duration) that informed participants whether they were successtul
or not, in addition to how much money they had gained or lost as
well as a running cumulative total of their earnings, which they will
receive in cash after the experiment. An adaptive algorithm was
implemented to allow a 66% success rate. Because we were
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Table 1. Demographic characteristics of marijuana (MJ) and control (CON) groups.

M) CON

Mean (SD) Mean (5D) P
N 59 27 -
Age 23.49 (6.37) 30.32 (10.09) *(85) = —3.29; p<<.001
% Males 78.2% 17.9% *2%(1)=30.16; p<.001
Years of education 13.28 (2.57) 15.5 (2.41) *t(84) = —3.87; p<.001
WASI verbal 1Q 54.33 (10.15) 57.22 (9.25) t(84)=—.213; p=.51
# Drinking days/90 days 24.03 (24.907) 11 (19.071) *t(85) =2.45; p=.03
Alcohol drinks/Occasion 7.64 (15.33) 1.65 (1.09) t(73)=1.91; p=.06
MID RT 215.67 (25.7) 223.34 (32.6) t(84)=—1.18; p=.24
MID accuracy 66.68 (3.77) 66.67 (2.85) t(84)=0.014; p=.99
MID total earnings 43.96 (14.2) 46.71 (12.8) t(83) = —0.848; p=.40
Age of initial MJ use 15. 04 (2.63) -
Duration of MJ use 8.56 (6.34) -
MWC total 6.53 (4.67) -
SCID current MJ Dependency 34 =
# MJ days/90 days 82.52 (12.77) -
MCQ total 184 (131)
*10 MJ met SCID-| criteria for current alcohol dependence and 5 for current alcohol abuse. None of the controls met criteria for current alcohol abuse or dependence;
MCQ =marijuana craving questionnaire; MWC = marijuana withdrawal checklist; WASI = Wechsler Abbreviated Scale of Intelligence; MID = Monetary Incentive Delay task;
RT =response time; SCID = Structured Clinical Interview for DSM Disorders.
doi:10.1371/journal.pone.0061470.t001

interested in incentivization processes, we focused on the
anticipation phase of the MID.

fMRI Acquisition

MRI images were collected using a 3T Siemens whole body
scanner with a 12-channel head phased array coil combined with
body coil transmission. High resolution structural MRI scans were
collected with a multi-echo MPRAGE (MEMPR) sequence with
the following parameters: TR/ TE/TI=2300/2.74/900 ms, flip
angle =8°, FOV =256x256 mm, Slab thickness=176, Voxel
size=1x1x1 mm, Number of echos=4, Pixel band-
width =650 Hz. fMRI scans were collected using a gradient echo,
echoplanar sequence with ramp sampling correction using the
intercomissural line (AC-PC) as a reference (TR: 2.0 s, TE: 27 ms,
oi: 70°, matrix size: 64 x64, 32 slices, slice thickness: 3.5 mm, voxel
size: 3x3x4 mm”). Additionally, in order to improve the signal
dropout and warping in the OFC, a tilting acquisition was applied
[33]. Images were collected in the oblique axial plane and whole
brain coverage was achieved for all participants.

Data Analyses

T-tests and y° tests were used to evaluate differences in age,
gender, education and alcohol use between MJ and CON groups
(Table 1). Continuously scaled self-report variables (i.e., total score
on MWC) were examined for skewness and kurtosis to determine
the need for normalizing transformations prior to the analyses.
Because of differing sample sizes, variances were compared
between groups for both percent correct and reaction time.

The fMRI data were pre-processed using slice-time correction
and realigned using INRIalign [34] [35]. The entire sample of 86
participants included in these analyses had movement <1 voxel
size (an additional 34 were excluded and not reported here due to
excessive motion, i.e., >2 mm). Excluded participants did not
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differ from included participants in gender (x2=.983, p=.321),
age ((91)= —.970, p = .335, educational attainment ((91) = —.640,
p=.548), age of use onset ({89)=0.10, p=.992), craving
symptoms (MCQ; #91)= —1.106, p=.271), or withdrawal symp-
toms (MWC; #91)=.696, p=.488). Next, using FEAT (fMRI
Expert Analysis Tool) Version 5.98, part of FSL (fMRIB’s
Software Library) [36], the following pre-statistics processing were
performed: non-brain tissue/skull removal using BET (Brain
Extraction Tool); spatial smoothing using a Gaussian kernel of
FWHM 8 mm® mean-based intensity normalization of all
volumes by the same factor; and high-pass temporal filtering
(Gaussian-weighted least-squares straight line fitting, with sig-
ma = 50.0 s). Subject-level statistical analyses for each time-series
were carried out using FILM (FMRIB’s Improved Linear Model)
with local autocorrelation correction. Explanatory variables (EVs)
were created by convolving the stimulus timing files with a double
gamma hemodynamic response function in FEAT. Within each
run, the fourteen EVs of interest included anticipation of GAIN
for $0.20, $1, and $5, anticipation of LOSS for $0.20, $1, and $5,
anticipation of the NEUTRAL condition, acquisition for success-
ful GAIN for $0.20, $1, and $5, acquisition for successful
avoidance of LOSS for $0.20, $1, and $5 and acquisition for
success In the NEUTRAL condition. Using these EVs, contrasts
between the regressors were used to generate contrast maps (i.e.,
between GAIN anticipation and LOSS anticipation EVs as well as
between GAIN vs. NEUTRAL and LOSS vs. NEUTRAL EVs),
which were then registered to the high-resolution image using
FLIRT (FMRIB’s Linear Image Registration Tool) %' 2%
Additional contrasts were defined between each level of incentive
(i.e., between GAIN $5 anticipation and NEUTRAL anticipation).
Group analyses were carried out using FLAME (FMRIB’s Local
Analysis of Mixed Effects) with group as a fixed factor and subject
as random factor [37] [36]. FLAME corrects for unbalanced
group sizes by implementing a standard weighted fixed effects
model [37]. Statistical maps were registered to the Montreal
Neurological Institute (MNI) template with a two-step process (i.e.,
EPI images to high-resolution image to the 152 brain average
MNI template).

The resulting statistical maps were thresholded in order to
control for multiple comparisons. We applied cluster-level thresh-
olding as implemented in FEAT where the Z (Gaussianised T/F)
statistic images were thresholded using Gaussian Random Field
(GRF)-theory-based maximum height thresholding in order to
define contiguous clusters [38]. Then each cluster’s estimated
significance level (from GRF-theory) was compared with the
cluster probability threshold [39]. For the main effects of incentive
(GAIN, LOSS, NEUTRAL), activity was considered significant if
2>2.3, with a whole-brain corrected cluster probability of p<<.05.
For large distributed clusters (i.e., >10,000 voxels), the height
threshold z was increased to 3.3 (i.e., p<<.001) in order to separate
the cluster into smaller, interpretable clusters. For the secondary
analyses where effects are expected to be smaller (group-
comparisons and correlations), we carried out a two-step statistical
thresholding approach. Specifically, a first test at z>2.3 was
applied, and where no result meet this threshold, z>1.96, with a
whole-brain corrected cluster probability of p<<.05 was applied.
Clusters of activation were localized with the Talairach Daemon
database implemented in FSL [40] and verified by the Talairach
and Tournoux brain atlas.

PLOS ONE | www.plosone.org

Incentives in Marijuana Users

Results

The MJ and CON differed in age, gender and education (see
Table 1). Thus, all of the between group analyses were co-varied
for these variables.

MID Behavioral Performance

No significant differences in variance for MID percent correct
and reaction time were detected between groups via F-test or
Levene’s Test. Both groups performed equally well (mean
accuracy: 66.63%, mean response time: 219 ms) (Table 1). A
partially repeated measures ANOVA for accuracy, with type of
mcentive (GAIN, LOSS, NEUTRAL) repeated, showed no
significant differences during the MID task between groups (I
(1,83)=10.05, MSE = 77.7, p = 0.83) or incentives (I(2,166) = 0.56,
MSE=53.9, p=0.57). A similar partially repeated measures
ANOVA for response time showed no significant differences
between groups (F (1,83)=1.55, MSE =4803, p=0.26). A rtest
found no differences in the total amount won or lost by either
group (GAIN MCQ]\'239.30, MMI:3796, ¢ (83):_12791,
£=0.2044; LOSS: Maon=15.95, Myg=15.98, ¢ (83)=0.0335,
»=0.97).

Main Effects of Anticipation of Monetary Gains and
Losses

In the MJ group, contrasts between the anticipatory periods of a
possible gain (GAIN) vs. anticipatory periods of neutral condition
(NEUTRAL) showed greater response during GAIN in 5 clusters
(Table 2) encompassing the dorsal and ventral striatum (VS),
thalamus, inferior frontal gyrus (IFG), orbitofrontal cortex (OFC),
and anterior cingulate gyrus (ACG), precentral gyrus, and fusiform
gyrus (cluster-corrected p<<.05, z=3.3). There were no areas of
greater activation during NEUTRAL vs. GAIN. Similarly,
contrasts between anticipatory periods of possible loss (LOSS) vs.
NEUTRAL showed greater response during LOSS in 6 clusters
(Table 2) encompassing reward areas including the VS, ventral
tegmental area (VTA), insula, OFC, IFG, ACG, and thalamus, in
addition to other areas such as the posterior cingulate gyrus and
precuneus, (cluster-corrected p<<.05, z=3.3). In the reverse
contrast (i.e., NEUTRAL>LOSS), there was greater activation
in the OFC (cluster-corrected p<<.05, z=2.3). The peak loci of
activation are listed in Table 2.

Unlike the MJ group, the CON group showed no significant
difference during either incentive condition (GAIN, LOSS) when
compared to the NEUTRAL condition.

The data showed that the response of the CON group was
sensitive to large magnitudes (i.e., $5.00) for both GAIN and
LOSS conditions, but not for the small or medium magnitudes
(i.e., $0.20, $1.00) (see bar graphs in Figure 1). Thus, there was
attenuation of signal during the incentive conditions when all
levels of magnitude were combined. Looking only at high
magnitude trials, CON showed greater neural response in several
areas during GAIN (vs. NEUTRAL) including VS, OFC, insula,
ACG and IFG (cluster-corrected p<<.05, z= 2.3) (sce Material S1).
High magnitude trials during LOSS (vs. NEUTRAL) in CON also
showed greater response in caudate, insula, IFG, OFC and ACG
(cluster-corrected p<<.05, z=2.3). There were no areas of greater

activation during NEUTRAL vs. GAIN or NEUTRAL vs. LOSS.

Differences between MJ and CON

Group comparisons were carried out to determine differences in
incentive processes between MJ] and CON. There was no
difference found between groups in the contrasts between
incentive conditions (i.e., GAIN, LOSS) vs. NEUTRAL. Be-
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Table 2. Peak loci of activation for anticipation of GAIN (vs.
NEUTRAL) and LOSS (vs. NEUTRAL).

Cluster # Voxels Localization z MNI x, y, z BA

1. GAIN anticipation

Marijuana Users (cluster-corrected p<.05, z=3.3)

1 13,187 R Precuneus 542 30, —54,36 —
2 6,359 R Globus Pallidus 648 14,8, —4 -
3 2,021 R Medial Frontal Gyrus 512 6,18, 44 6
4 1,662 R Inferior Frontal Gyrus 507 52,14,20 9
5 1,433 R Precentral Gyrus 542 —46, —8,46 4

Controls (cluster-corrected p<.05, z=2.3)

None

Marijuana Users vs. Controls (cluster-corrected p<<.05, z=1.96)
None

2. LOSS anticipation

Marijuana Users (cluster-corrected p<.05, z=3.3)

1 9,681 L Midbrain/Substantia Nigra 6.72 —6, —28, -
—14
2 3,129 R Medial Frontal Gyrus 5.66 4,26, 46 8
3 2,069 L Superior Parietal Lobe 522 —30, —60, 487
4 2,022 R Inferior Parietal Lobe 6.25 38, —48, 44 40
5 401 L Cerebellum 48 —20, —84,
—14
6 380 R Precentral Gyrus 482 44, —2,48 6

Controls (cluster-corrected p<.05, z=2.3)
None
Marijuana Users vs Controls (cluster-corrected p<<.05, z=1.96)

None

Maximum z-scores, MNI x, y, z co-ordinates and Brodmann areas (BA) are
provided for each peak region within the cluster.
doi:10.1371/journal.pone.0061470.t002

tween-group differences during GAIN vs. LOSS did not reach the
selected height-threshold of z>2.3. However at z>1.96, GAIN vs.
LOSS contrasts showed a significant dissociation in neural
response to incentive type such that MJ users responded more to
GAIN than LOSS in a cluster (size = 16,015 voxels) encompassing
several areas including OFC and cingulate gyrus (cluster-corrected
$<.05, z=1.96), whereas CON had greater BOLD response to
LOSS compared to GAIN in OFC (cluster-corrected p<<.05,
2=1.96) (Figure 2) (peaks are listed in Table 3). The double
subtraction of MJgain>L0ss)>CON@aln>Loss) Was greater in
MJ(GAIN>LOSS) compared to CON(GAIN>LOSS} in a cluster with
peaks in the precuneus, middle frontal gyrus, post-central gyrus
and parietal lobe (cluster-corrected p<<.05, z=1.96) (Figure 2C,
Table 3).

Relationship of Marijuana Behavioral Symptoms and
Neural Response to Incentives

In order to determine how these incentive processes relate to the
behavioral symptoms of marijuana abuse and dependence, we
performed a correlation analysis between the total scores from the
MWC and the statistical maps for (1) LOSS (vs. NEUTRAL) and
(2) GAIN (vs. NEUTRAL). Because there was a non-Gaussian
distribution of the total MWC scores (Figure 3), we performed a
log-transformation of the total MWC scores for these analyses.
These correlations did not reach the height threshold of z=2.3;
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however, they showed a significant negative association between
MWUC scores and neural response during GAIN (vs. NEUTRAL)
in a cluster (size = 2,774 voxels) with peaks in the OFC and ACG
at cluster-corrected p<<.05, z = 1.96. Similarly, we found a negative
correlation during LOSS (vs. NEUTRAL) in a cluster
(size = 44,360 voxels) encompassing areas involved in reward
processes such as the OFC and striatum (cluster-corrected p<<.05,
2= 1.96). In addition, there was also a negative correlation in areas
within the fear/avoidance network, which included the amygdala
and hippocampus (Figure 4) (peaks are listed in Table 4).

We also analyzed the associations between the BOLD response
to GAIN and LOSS with SCID symptoms for current marijuana
abuse and dependence. We found no correlations (positive or
negative) between BOLD response and symptom count for
marijuana abuse or dependence (cluster-corrected p<<.03,
z2=1.96).

Manipulation Check

Similar to other studies that compare substance abusing to non-
abusing groups, we found differences in substance use other than
the primary drug of abuse (i.e., marijuana). Specifically, the two
groups differed in frequency of alcohol use. To disentangle the
confounding effects of alcohol use, we carried out an additional
analysis on a sub-group of the sample with matched frequency of
alcohol use. We matched 25 MJ users’ mean drinks per drinking
day with that of 25 controls [Mean (SD): MJ=1.8 (1.42),
CON=1.38 (1.42)]. Of note, we only selected MJ users who also
did not have other drug use thereby creating a test of frequency of
alcohol use-matched MJ-only users and controls. Contrasts of
these two smaller groups showed that the MJ group had greater
activation in OFC and inferior frontal gyrus/anterior insula region
at height threshold of z=1.96 (cluster-corrected p<<.05). There
were no regions where CON had greater activation compared to
M]J. This suggests that despite smaller power to detect differences
due to the smaller sample size, the observed effects remained after
removing the confounding effects of alcohol and other drug use.
Thus, the differences between the MJ and CON in BOLD
response to GAIN and LOSS were not due to differences in age,
gender, education, or alcohol/other substance use.

Additionally, we tested whether those who are more severe
marijuana users may be driving the difference between the groups.
To that end, we compared the 34 M]J users who met SCID
diagnosis of cannabis dependence to the CON group. This
analysis revealed no significant group difference (cluster-threshold
p<.05, z=2.3), suggesting the possibility that the effect is driven by
the non-dependent marijuana users.

With regards to the correlation between MWC and LOSS>"
NEUTRAL, we examined factors that may influence this effect
such as age of onset and duration of use. Adding these two past MJ
use variables to our model independently showed that the
activations (that include amygdala) remain at height threshold of
z=1.96 (cluster-corrected p<<.05). Similarly, because of the
relevance of craving to withdrawal symptoms, we included craving
scores (based on Marijuana Craving Questionnaire) to this model,
and, as suspected, craving was also correlated with LOSS>NEU-
TRAL contrast, but only for the high-magnitude trials (i.e., $5) in
the R lingual gyrus (16,994 voxels, max z=4.15) and R middle
frontal gyrus (2,440 voxels, max z = 3.82) (cluster-corrected p<<.05,
z=1.96). This result did not survive z = 2.3 height threshold.

To further explore our findings of greater activation in reward
areas during anticipation of punishment, we determined whether
this activation was sustained during the outcome phase of the task
(i.e., feedback of successful gain or avoidance of loss). This analysis
showed that in the MJ group, there was significant activation in
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Figure 1. Activation in Nucleus Accumbens during anticipation. Mean z-scores per level of magnitude (Lo =$0.20, Med = $1.00, Hi= $5.00) for
marijuana users (MJ) and controls (CON) for anticipation of GAIN and LOSS (relative to NEUTRAL) in the nucleus accumbens (NAc). Mean z-scores were
extracted using an anatomical mask of the NAc based on the definition described in Filbey et al. (2008).

doi:10.1371/journal.pone.0061470.g001

the lingual gyrus and anterior cingulate during GAIN outcome
(cluster-corrected p<<.05, z=3.3) and in the inferior frontal gyrus
and inferior parietal lobe in the LOSS outcome (cluster-corrected
$<.05, z=2.3). In the CON group, there was greater response in
the lingual gyrus, precuncus, inferior parietal lobe, anterior
cingulate gyrus, parahippocampal gyrus, superior temporal gyrus,
middle frontal gyrus, inferior frontal gyrus, caudate and globus
pallidus during GAIN outcome (cluster-corrected p<<.05, z=3.3)
and in the inferior frontal gyrus and cerebellum in the LOSS
outcome (cluster-corrected p<<.03, z=2.3). Contrasts of the groups
showed no significant difference between the groups during GAIN
outcome or LOSS outcome (cluster-corrected p<<.05, z=2.3).
Peaks are listed in Table 5.

Discussion

Despite similar behavioral task performance during anticipation
of monetary gains and losses between marijuana users and non-
using controls, our findings suggest a difference between type of
incentive and group, such that marijuana users have greater neural
response to positive incentives (relative to negative incentives),
while non-using controls have greater neural response to negative
incentives (relative to positive incentives). Although no statistically
significant group difference emerged, the level of VS response was

PLOS ONE | www.plosone.org

indeed greater during positive incentives in marijuana users that
support findings by Nestor et al. [41]. Increased response in VS
during anticipation of monetary rewards has been inconsistent
[42,43], and discrepancies between findings could be attributed to
differences in populations, task parameters, and/or other factors
such as risk-taking bias [44], expectancies [45], as well as
maturational differences [46].

In the current study, we aimed to determine processes related to
the valuation of negative incentives (i.e., anticipation of loss) as it
relates to marijuana use. Our findings showed that negative
incentives elicited response from similar regions underlying reward
processes in MJ users, which is consistent with findings in alcohol
dependent individuals [43]. These findings are in accord with both
animal and human studies that suggest a role of the VS in
processing aversive stimuli through processes involved in learning,
prediction errors and decision-making [47]. The primary role of
the VS has been associated with general anticipation and
motivation for rewarding stimuli [48,49] [50]. For instance,
studies have described activation in the VS as being predictive of
relative incentive motivation suggesting its involvement in reward
valuation [51]. Others have implicated its involvement in
sensorimotor functions during incentive motivation as obstruction
of the VS disrupts active reward-seeking and harm avoidance
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doi:10.1371/journal.pone.0061470.g002
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behavior in animals [52]. Taken together, VS modulates
behavior/response to any type of salient stimuli, whether
positive/rewarding or negative/aversive, and, therefore, plays a
broad role in incentive motivational processes.

Our findings also demonstrated differences between group and
type of incentive such that marijuana users have greater neural
response to positive incentives and less neural response to negative
incentives than controls. This suggests that marijuana users, unlike
non-users, are more sensitive to positive incentives, and less
sensitive to negative incentives. This latter point is concordant with
a study by Wrase and colleagues (2007) that showed a similar
pattern of decreased response during LOSS, albeit at trend-level
significance, where alcohol dependent individuals had less
activation in the VS compared to controls during LOSS [43].
Of note, the controls’ neural response to reward only reached
significance in the high-response condition (i.e., $5.00). Thus, we
cannot rule out the idea that the difference may be driven by the
blunted response from the controls. Interestingly, the MJ users did
not differ from controls in the outcome phase of the task for either
positive or negative rewards highlighting the greater influence of
anticipatory processes in drug-secking behavior.

We also determined the behavioral associations of this finding.
Our analyses yielded an unexpected finding of negative association
between withdrawal symptoms and neural response during
anticipation of loss in several brain networks. Specifically, we
found that the greater the number of withdrawal symptoms, the
less the response not only in areas that underlie reward processes,

Incentives in Marijuana Users

but also in areas that are involved in fear/avoidance processes
such as the amygdala. A similar pattern of negative associations in
the amygdala was also found with craving, albeit to only the high
magnitude trials. This is not surprising given the relatedness of
craving to the withdrawal syndrome. Indeed, disrupted amygdala
activation has been suggested to underlie pathological avoidance
behavior. In healthy adults, greater BOLD response in the
amygdala was associated with cues for LOSS. The authors posited
that the response magnitude of the amygdala to possible losses
may be a mechanism for maladaptive avoidance behavior in
SUDs [53]. Additionally, given that compared to the controls, the
marijuana users showed attenuated response in these areas, these
negative correlations suggest that greater aberration in neural
response (i.e., less activation) during the valuation of negative
incentives, the more likely they are to experience greater problems
with marijuana (i.e., more withdrawal symptoms), which likely
contribute to higher risk for continued use and/or relapse in these
individuals. Our findings of a lack of correlation between BOLD
response to GAIN and to LOSS with marijjuana abuse and
dependence symptoms, and, past marijuana use measures such as
age of onset of use or duration suggests that these findings are
specific to withdrawal symptoms rather than to the general
concept of dependence.

The amygdala is postulated to underlie fear conditioning [54],
encoding fear memories [55], signaling negative outcomes [56],
and extinction of conditioned fear [57]. Our findings of attenuated
amygdala activation in MJ users suggest deficiencies in learning

Table 3. Peak loci of activation differences for anticipation of LOSS vs. GAIN and_GAIN vs. LOSS.

Cluster # Voxels Localization z MNI x, y, z BA
1. LOSS vs. GAIN anticipation

Marijuana Users (cluster-corrected p<.05, z=2.3)

None

Controls (cluster-corrected p<.05, z=2.3)

1 4,200 L Inferior Frontal Gyrus 3.78 —42, 2,36 6
2 2,457 R Supramarginal gyrus 3.95 30, —46, 40 7
3 1,378 L Medial Frontal Gyrus 3.79 —4, 14, 46 24
Marijuana Users>Controls (cluster

None

4. GAIN vs. LOSS anticipation

Marijuana Users (cluster-corrected p<<.05, z=2.3)

1 1,576 L Frontal Pole/Orbitofrontal Cortex 3.83 —18, 40, —16 -
1 L Anterior Cingulate/Orbitofrontal Cortex 35 —-12, 30, —14 10
1 L Medial Frontal Gyrus 34 —12, 34, —14 10
1 R Frontal Pole 3.23 22,46, —10 11
1 L Orbitofrontal gyrus 3.16 —8, 40, —16 10
Controls (cluster-corrected p<.05, z=2.3)

None

Marijuana Users>Controls (cluster-corrected p<.05, z=1.96)

1 16,015 R Precuneus 4.05 8, —66, 66 7
1 L Precuneus 3.77 —2, =60, 70 7
1 L Middle Frontal Gyrus 342 —44, 16, 42 6
1 L Postcentral Gyrus 3.32 —42, —24, 58 1

1 L Middle Frontal Gyrus 3.32 —38,52,0 1

doi:10.1371/journal.pone.0061470.t003

PLOS ONE | www.plosone.org

Maximum z-scores, MNI x, y, z co-ordinates and Brodmann areas (BA) are provided for each peak region within the cluster.
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and encoding negative stimuli. Recent studies also suggest that
areas within the reward network such as the striatum functionally
modulate the amygdala. Thus, these results suggest that signal
from the amygdala may be attenuated such that individuals with
high withdrawal do not avoid harmful stimuli, which is in
accordance with an approach bias in substance abusers.

The double dissociation between users and non-users and
incentivization processes (i.e., positive, negative) strongly support
the theory of aberrant approach-bias in marijuana users. Our
findings indicate that the brains of marijuana users are more
strongly responsive to positive incentive motivation whereas non-
using controls are more strongly responsive to negative incentive
motivation. As important, these effects are not evident in the
outcome or receipt phase whereby both groups showed greater
response to the receipt of reward but not to the successful
avoidance of loss, and, there were no significant difference
between groups. These findings are in accord with the growing
literature on the disruption in regulatory and motivational
processes in heavy marijuana users. For example, dose-related,
persistent monetary-based decision-making impairments (using
Iowa Gambling Task, IGT) that illustrate enhanced motivation for
immediate rewards (i.e., getting high) despite negative conse-
quences have been reported in abstinent marijuana users (i.e. 28
days) [58]. These deficits in decision-making have paralleled
neural alterations such as greater activation in the ventromedial
PFC (vmPFC), an important area for reward-based decision
making [59]. Interestingly, others have also reported that
activation during decision-making tasks, particularly during
anticipation of loss predicted change in marijuana use at 6-month
follow-up [60]. In an interesting study that aimed to determine the

PLOS ONE | www.plosone.org

approach vs. avoidance bias in marijuana users, they found no
difference between approach-bias neural activations between M]J
users and controls. They did find, however, that within the M]J
using group, there was a positive association between total lifetime
marijuana use and approach-bias activation in PFC and limbic
areas. Further, approach-bias activations in the dorsolateral
prefrontal cortex (PFC) and anterior cingulate gyrus (ACG)
predicted severity of marijuana use at 6-month follow-up. The
authors suggest that the difference between approach and
avoidance bias responses in the DLPFC and ACG may identify
individuals at risk for cannabis dependence [61]. In sum, our
findings along with the existing literature on cannabis dependence
provide strong evidence for a pathological approach-bias, which
presents as deficits in reward-motivation, decision-making pro-
cesses. All of which likely contribute to susceptibility towards
addictive behavior and hinder treatment success.

In summary, our findings suggest that current marijuana users
experience sensitivity to salient stimuli whether positive or
negative. This finding supports the somatic marker theory of
addiction, which posits that an overactive mesolimbic reward/
approach circuitry and a deficient frontocortical fear/avoidance
system 1s the underlying mechanism that contributes to impulsivity
and/or poor decision-making that leads to SUDs [62,63]. Indeed,
our findings support this theory by demonstrating hypersensitivity
in the reward circuitry, and attenuation in areas in the fear/
avoidance network, especially in those with greater withdrawal
symptoms. These oppositional forces may then work together to
drive continued drug use and elevate risk for relapse. These
findings provide neurobiological evidence for a dissociation of
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during the anticipation phase.

Table 4. Peak loci of activation during correlation between total marijuana withdrawal checklist (MWC) scores and BOLD response

Cluster Localization z MNI x, y, z BA
1. GAIN anticipation (cluster-corrected p<.05, z=1.96), 1 cluster (size = 2,774 voxels) *negative correlation

1 R Frontal Pole/Orbitofrontal Cortex 3.46 42,60, —18 10
1 R Cingulate Gyrus/Supplementary Motor Cortex 3.2 14, 4, 42 24
1 R Anterior Cingulate Gyrus 3.18 16, 40, 4 32
1 R Frontal Pole/Orbitofrontal Cortex 3.08 44, 56, —8 10
1 R Anterior Cingulate Gyrus 2.99 12, 48, —10 32
2. LOSS anticipation (cluster-corrected p<<.05, z=1.96), 1 cluster (size =44,360 voxels) *negative correlation

1 R Fusiform Gyrus 4.49 2, —82, —26 -
1 R Postcentral Gyrus 4.22 36, —36, 62 40
1 R Putamen 4.09 28, —20, —2 -
1 R Fusiform Gyrus 3.96 46, —44, —18 37
1 L Cerebellum 3.92 —2, —48, —28 -
1 R Postcentral Gyrus 38 36, —26, 58 4
1 L Parahippocampus/Hippocampus 3.63 —22, 34,0 -
1 R Parahippocampus/Hippocampus 3.52 38, —28, —2 =
1 L Amygdala 3.17 —28, -8, —6 -

doi:10.1371/journal.pone.0061470.t004

PLOS ONE | www.plosone.org

Maximum z-scores, MNI ¥, y, z co-ordinates and Brodmann areas (BA) are provided for each peak region within the cluster.
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Table 5. Peak loci of activation during the outcome phase for

GAIN (vs. NEUTRAL), LOSS (vs. NEUTRAL).

Cluster # voxels Localization z XYz BA

1. GAIN outcome

Marijuana Users (cluster-corrected p<.05, z=3.3)

1 10,034 R Lingual Gyrus 562 22, —88, 18
-8

2 2,161 Anterior Cingulate Gyrus 499 0,44, 4 32

Controls (cluster-corrected p<<.05, z=3.3)

1 11,156 R Lingual Gyrus 506 28, —82, 18
-8

2 1,489 L Precuneus 443 —30, —44, 7
46

3 1,376 R Inferior Parietal Lobe 453 46, —34, 40
40

4 511 Anterior Cingulate Gyrus 4.5 0,42, -4 —

5 493 L Parahippocampal Gyrus 413 24,2, 34
—14

6 365 R Superior Temporal Gyrus 404 62, —14,2 22

7 359 R Cerebellum 45 20, —68, -
-50

8 302 R Caudate Nucleus 426 12,10, =
—8

9 288 R Middle Frontal Gyrus 452 34,56, 10
-8

10 274 L Inferior Frontal Gyrus 3.91 —44, 42, 46
=2

11 229 R Globus Pallidus 3.9 26, —12,2 —

12 210 R Cingulate Gyrus 403 4, -32, 23
28

2. LOSS outcome

Marijuana Users (cluster-corrected p<<.05, z=2.3)

1 4,944 L Inferior Frontal Gyrus 5.17 —40, 48, 10
-10

2 1,708 L Cerebellum 417  —36, —78, —
—38

3 1,504 L Inferior Parietal Lobe 415 —46, —50, 40
44

Controls (cluster-corrected p<.05, z=2.3)

1 15,115 L Inferior Frontal Gyrus 4.14 —42,38,4 46

2 6,998 L Cerebellum 382 —6,-72, —
—30

Maximum z-scores, MNI x, y, z co-ordinates and Brodmann areas (BA) are

provided for each peak region within the cluster.

doi:10.1371/journal.pone.0061470.t005

positive and negative incentive processes In marijuana abuse and
dependence, and suggest that compared to non-users, marijuana
users are more sensitive to positive reinforcement. This is in line
with clinical reports of dissociation in personality measures (i.e.,
novelty seeking and harm avoidance) as they relate to treatment
success [11].
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Limitations and Conclusions

Interpretation of these findings should consider that abstinence
from marijuana was based on self-report, and not confirmed by
THC quantification. Variability in actual length of abstinence
could partially account for the level of withdrawal symptoms and,
therefore, fMRI response. However, because self-reported date of
last use across all of the participants was the day of their baseline
session (i.e., maximum length of abstinence = 3 days prior to their
fMRI scan), actual variability may be minimal. Caution should
also be taken given the difference across the groups in age, gender
and alcohol use. While we controlled for these differences
statistically, remaining effects may still be contributing to the
differences described. It is also important to keep in mind that an
ideal experiment of withdrawal effects would be a pre-post
withdrawal design. We are limited in how much we can interpret
these cross-sectional findings, as we do not know precisely the
reward sensitivity of the non-withdrawn M]J users. Of note,
however, to answer the question of whether withdrawal symptoms
alone rather than earlier age of onset or longer duration of use
contributed to this effect, we also co-varied for age of onset and
duration of use. These analyses showed that the activation that
included the amygdala remained (cluster-corrected p<<.03,
2=1.96). Future fMRI studies that focus on NAc should also
consider a smaller smoothing kernel (~4 mm) given the relatively
small size of this structure. Because we were interested in both
cortical and sub-cortical areas, we applied an 8 mm smoothing
kernel on the whole brain, therefore, inferences with regards to
NAc activation should consider this limitation. Lastly, we utilized
the originally designed version of the MID task with fixed
intervals, which may increase susceptibility of the results to low
frequency noise. Interpretation of the present findings must take
this into account as the potential low frequency noise could have
minimized the effects.

To conclude, the neural abnormalities underlying negative
reinforcement may be the pathophysiology that underlies both
difficulties in protracted abstinence and inter-individual variability
in risk for withdrawal and relapse particularly in the earlier stages
of addiction (i.e., non-dependent users). Our findings suggest that
consideration of positive and negative incentive processes Iis
important for the future development of more effective treatment
strategies that might emphasize one process over another.
Specifically, identification of these mechanisms could lead to a
better understanding of the cognitive processes and biological
systems involved in the various stages of marijjuana abuse and
inform treatment options that could alleviate withdrawal symptoms.
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