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Abstract

Background—Emergent studies show that similar to other substances of abuse, cue-reactivity to
cannabis is also associated with neural response in the brain’s reward pathway (Filbey et al.,
2009). However, the inter-relatedness of brain regions during cue-reactivity in cannabis users
remains unknown.

Methods—In this study, we conducted a series of investigations to determine functional
connectivity during cue-reactivity in 71 cannabis users. First, we used psychophysiological
interaction (PPI) analysis to examine coherent neural response to cannabis cues. Second, we
evaluated whether these patterns of network functional connectivity differentiated dependent and
non-dependent users. Finally, as an exploratory analysis, we determined the directionality of these
connections via Granger connectivity analyses.

Results—PPI analyses showed reward network functional connectivity with the nucleus
accumbens (NACc) seed region during cue exposure. Between-group contrasts found differential
effects of dependence status. Dependent users (N = 31) had greater functional connectivity with
amygdala and anterior cingulate gyrus (ACG) seeds while the non-dependent users (N = 24) had
greater functional connectivity with the NAc, orbitofrontal cortex (OFC) and hippocampus seeds.
Granger analyses showed that hippocampal and ACG activation preceded neural response in
reward areas.

Conclusions—Both PPI and Granger analyses demonstrated strong functional coherence in
reward regions during exposure to cannabis cues in current cannabis users. Functional
connectivity (but not regional activation) in the reward network differentiated dependent from
non-dependent cannabis users. Our findings suggest that repeated cannabis exposure causes
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observable changes in functional connectivity in the reward network and should be considered in
intervention strategies.
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1. Introduction

The mesocorticolimbic reward system is important in evaluating salient and rewarding
stimuli and regulating appetitive behavior, and, as such, is an intense area of focus in studies
of substance use disorders (SUDs). The reward system has primary dopaminergic
projections from the ventral tegmental area (VTA) that innervate limbic (amygdala,
hippocampus), dorsal and ventral striatum and prefrontal regions (orbitofrontal cortex,
anterior cingulate gyrus; O’Connell and Hofmann, 2011). Functional imaging studies
combined with cue exposure paradigms have provided strong evidence for the role of the
reward system during craving (Hommer, 1999; Volkow et al., 2002), one of the primary
behavioral symptoms of SUDs. Enhanced response in the reward system during cue-elicited
craving has been reported in the common substances of abuse such as alcohol (Filbey et al.,
2007), nicotine (Claus et al., 2013), and cocaine (Wilcox et al., 2011). To date, two studies
have reported concordant findings of enhanced neural response to cues for the most widely
used illicit drug in the world — cannabis — as in other drugs of abuse. For example, in
response to tactile and visual cannabis cues (relative to neutral cues), Filbey et al. (2009)
reported greater neural response in the ventral tegmental area (VTA), thalamus, anterior
cingulate gyrus (ACG), insula, and amygdala in heavy cannabis users (Filbey et al., 2012).
Relative to non-using controls, Cousijn et al. (2012) showed that in response to images of
cannabis cues, cannabis users had greater neural response in the VTA. Among the cannabis
users, those with higher cannabis related problems had greater activity in the orbitofrontal
cortex (OFC), ACG and striatum compared to those with fewer cannabis-related problems,
which also overlaps with findings from Filbey et al. (2009). Taken together, the existing
literature suggests that alterations in reward system function underlie response to cannabis
cues and may drive drug-seeking behavior in cannabis users (Cousijn et al., 2012; Filbey
and DeWitt, 2012; Filbey et al., 2009). Notably, response in these areas was found to be
associated with pathology related to cannabis use (e.g., craving, problem severity) but not
with measures of cannabis use.

A framework proposed by Filbey et al. (2012) suggests that cannabis cues trigger activation
in several areas including (1) the ACG that detects salience of the cue, (2) the amygdala that
evaluates the emotional content, (3) the insula that engages interoceptive processes, and, (4)
the hippocampus that incorporates memory information. These events trigger dopamine
release from the VTA to the striatum and OFC, which is necessary for the encoding of
learned association of the drug with its relevant cues. While this model proposes
associations (and directionality) between these regions, how these regions are functionally
organized has not yet been directly examined. Moreover, existing regional activation
findings through traditional general linear modeling (GLM)-based analyses may fail to
completely characterize dysfunction in the reward system.
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In other SUDs, altered functional connectivity has been reported in the reward system. For
example, tobacco smokers (Claus et al., 2013) have been shown to have greater functional
connectivity with two seed regions (OFC, insula) across several areas (somatosensory areas
and parietal lobe, striatum) during tobacco cues compared to food cues. Notably, this
connectivity was positively correlated with severity of nicotine dependence. Similarly
enhanced functional connectivity between OFC and striatum was also reported in other
populations characterized with heightened reward-sensitivity or increased ability to derive
pleasure from rein-forcers, such as in obese individuals (Stoeckel et al., 2009). These
findings suggest that the interaction between reward regions may be accountable for the
increased reward salience/motivation in substance abusing individuals. Inversely, in a study
that looked at the opposing process of hypo-responsivity to reward, namely, anhedonia or
the inability to experience pleasure, it was found that attenuated functional connectivity
within reward areas (NAc, paralimbic areas) was associated with trait anhedonia (Keller et
al., 2013). In summary, sensitivity to rewards appears to be associated with greater
functional coherence or integration of the reward network. To date, however, functional
connectivity in the reward network in cannabis users has yet to be determined.

In this report, we expand the growing literature on reward network functioning in cannabis
users by examining functional connectivity or the temporal correlation of activity within this
network in response to cannabis cues. To that end, we carried out three series of analyses:
(1) psychophysiological interaction (PPI) analysis to examine functional connectivity, (2) t-
tests to determine functional connectivity differences between severity of cannabis use
disorder (CUD), and, (3) exploratory Granger connectivity analyses to evaluate the effective
functional connectivity or the influential relationship between reward network areas.

2. Methods

This study was approved by the University of New Mexico and University of Texas at
Dallas Institutional Review Boards.

2.1. Participants

We scanned 99 regular cannabis users with some having been previously described (see
Table 1; Filbey et al., 2009, 2010; Schacht et al., 2012). The study’s inclusion criteria were:
(1) self-reported regular use of cannabis defined as cannabis use for a minimum of six
months prior to study participation at a rate of at least four occasions per week (presence of
THC metabolites was verified via urinalysis at study entry to confirm cannabis use), (2)
right-handedness, and, (3) English as the primary language. The participants were excluded
from the study if: (1) they had a positive urinalysis for other drugs of abuse other than
cannabis at study entry, (2) reported current or history of psychosis, traumatic brain injury,
or MRI contraindications (e.g., pregnancy, non-removal metallic implants, claustrophobia)
and (3) had a current diagnosis of non-cannabis abuse/dependence (past diagnosis was
acceptable). Of note, any other Axis I disorder besides psychosis was not an exclusion
criterion. Further, there was no 1Q requirement for inclusion in the study.

Drug Alcohol Depend. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Filbey and Dunlop Page 4

Of the 99 participants who met our eligibility criteria, 28 had motion exceeding 3mm (in
translation) or 3 degrees (in rotation) between TRs during the fMRI task (described below)
and were subsequently excluded from further analyses, leaving a total of 71 participants.

2.2. Procedure

Those who met the study’s inclusion criteria were scheduled for two separate study visits.
The first visit consisted of obtaining informed consent as well as completing behavioral
measures. Recent use of marijuana and other substances was assessed with a Time Line
Follow Back interview (TLFB; Sobell et al., 1979), drug use questionnaire, marijuana use
questionnaire, smoking history questionnaire, cannabis history questionnaire, and the
Marijuana Problem Survey (MPS; Stephens et al., 2002). Lifetime and current symptoms of
drug dependence were assessed with the SCID for DSM IV Research Version (First et al.,
1997).

The participants were then instructed to abstain from cannabis use until their second visit,
which consisted of an MRI scan. This was scheduled ~72 h after the first visit. Similar to our
previous studies (Filbey et al., 2009, 2010; Schacht et al., 2012), we followed a bogus
pipeline whereby participants were informed that a urinalysis would be performed for
verification of their compliance to the abstinence instructions. Although THC urinalysis for
short abstinence periods is unreliable, use of this bogus pipeline has been shown to improve
compliance (Roese and Jamieson, 1993). The participants were also instructed to refrain
from alcohol for 24 h, and, from caffeine and cigarettes for the preceding 2 h prior to their
scan. Compliance with these instructions was confirmed by self-report (cannabis, alcohol,
caffeine and cigarettes) and by breath alcohol level of 0.000 (alcohol) at the start of their
MRI session. Participants with positive self-reported cannabis, alcohol, caffeine and
cigarette, and/or breath alcohol levels > 0.000 were excluded from the MRI session.
Immediately prior to their scan, participants completed a Marijuana Craving Questionnaire
(MCQ; Heishman et al., 2001) as well as the Marijuana Withdrawal Checklist (MWC;
Budney and Moore, 2002; Budney et al., 2003).

MRI images were collected using a 3T Siemens Trio whole body scanner equipped with
Sonata gradient subsystem (40 mT/m amplitude, 200 us rise time, 100% duty cycle) with a
12-channel coil combined with body coil transmission to achieve greater sensitivity in
cortical areas. A high resolution whole brain anatomical MRI scan was also collected with a
T1-weighted multi-echo Magnetization Prepared Rapid Gradient Echo or MPRAGE
(MEMPR) sequence with the following parameters: TR/TE/TI = 2300/2.74/900 ms, flip
angle = 8°, 192 sagittal slices, FOV = 256 x 256 mm, Slab thickness = 176 mm, Matrix =
256 x 256 x 176, Voxel size = 1 x 1 x 1 mm, Number of echos = 4, Pixel bandwidth = 650
Hz. Whole brain fMRI scans were collected using a gradient echo, echoplanar (EPI)
sequence with ramp sampling correction using the intercomissural line (AC-PC) as a
reference (TR: 2.0s, TE: 27ms (39ms for 1.5 T), : 700, matrix size: 64 64, 32 slices, voxel
size: 3 34 mma3) ventral to the surface of the OFC. A tilting acquisition previously described
in Filbey et al. (2008) was applied in order to increase the signal-to-noise ratio in the OFC.

During the fMRI session, the participants underwent a cannabis cue-exposure task
previously described by Filbey et al. (2009). During the task, participants were
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pseudorandomly presented 12 tactile cannabis cues and 12 neutral cues across 2 separate
runs. We presented a marijuana pipe for the cannabis cue and a pencil for the neutral cue.
Cue presentations were both visual and tactile whereby the participants held the cue objects
in their left hand, which was visible in the mirror above their eyes. The task was presented
using a front projection to a mirror system mounted on the head coil. Individual trials
consisted of a 20s cue presentation, followed by a 5s urge-to-use rating on a 0-10 Likert
scale and a 20s washout period. Responses were recorded using a fiber-optic pad. Stimulus
presentations were delivered using E-Prime (Schneider et al., 2002). The timing of the
stimulus presentation was synchronized with trigger pulses from the magnet in order to
ensure precise temporal integration of stimulus presentation and fMRI data acquisition. The
task lasted for 288 TRs across two runs for a total task time of 19min and 12 s.

2.3. fMRI analyses

Pre-processing—The functional imaging time series was preprocessed using SPM8
(Wellcome Department of Imaging Neuroscience, London, UK). Before starting analyses,
the first seven volumes of each EPI run were discarded to allow the MR signal to reach
steady state. Pre-processing of these volumes started with motion correction using SPM’s
realignment module (Friston et al., 1995). This was followed by slice timing correction,
which corrected for temporal differences in acquisition time of the BOLD signal across
slices within each volume. The functional data were then normalized into the Montreal
Neurological Institute (MNI) standard space using the template provided in SPM (Ashburner
and Friston, 1999). The resultant time series was then smoothed using a 10 mm (FWHM)
Gaussian kernel.

Functional connectivity analysis—To determine functional connectivity, we
performed a whole brain psychophysiological interactions analysis (PPI; Friston et al., 1997;
O’Reilly et al., 2012) in FSL using seed regions in seven areas of the reward network based
on a review by Filbey and Dewitt (2012): (1) nucleus accumbens (NAC), (2) orbitofrontal
cortex (OFC), (3) ventral tegmental area (VTA), (4) insula, (5) hippocampus, (6) amygdala,
and (7) anterior cingulate gyrus (ACG). PPI finds areas whose activity is modulated by both
task and the ongoing activity in a seed region (i.e., the interaction effect of the two). In this
study, a physiological regressor was generated for each subject based on the mean activation
timecourse of an anatomical mask defined for each seed ROI. Anatomical masks for the
seed ROIs were defined according to the atlas of Nielsen and Hansen (2002) as used in
Filbey et al. (2008), except for the OFC, which used Desikan et al. (2006) and ACG, which
used a mask centered around 5, +19, +28 (grown to 8 mm in diameter) described in
Margulies et al. (2007) (see ROI masks in Supplemental materials, Fig. S11). Task
regressors for cannabis cue ON, neutral cue ON, cannabis cue RATING, and neutral cue
RATING were convolved with a double gamma hemodynamic response function provided
by FEAT. Psychophysiological interaction (PPI) regressors were defined by the interaction
of the physiological regressor with the cannabis cue ON and neutral cue ON regressors.
Regression analysis was performed in FEAT using the cannabis cue ON, neutral cue ON,
cannabis cue RATING, and neutral cue RATING regressors, a physiological seed regressor,

*Supplementary material can be found by accessing the online version of this paper at http:/dx.doi.org and by entering doi:...
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and PPI regressors for cannabis cue ON and neutral cue ON. The multiple regression
analysis was run separately for each seed, and, the final alpha level was Bonferroni
corrected for the 7 comparisons. Parameter estimates for the two interaction regressors were
used to compute a contrast between the cannabis and neutral cue ON interactions with the
seed, expressed as a t-statistic. For each seed, second level analyses using FLAME
generated t-maps of the contrast between cannabis and neutral cues. The final statistical
images were thresholded at z> 2.3 and cluster-corrected to p < 0.007 using Gaussian
Random Field (GRF) theory-based maximum height thresholding (Worsley et al., 1996).

Between-group comparisons—Additional analyses were performed to compare
differences in the PPI contrasts between the dependent (N = 37) and non-dependent (N = 34)
groups of subjects. Because of the potential confounding effects of tobacco use on reward
network activation, participants who smoked tobacco >10 cigarettes per day were removed
from between-group comparisons, leaving N = 31 dependent and N = 24 non-dependent
users. Between-group analyses generated t-maps of between-group differences in the
modulation induced by the task (see O’Reilly et al., 2012) for a tutorial view of between-
group PPI analysis). In addition to standard cluster-level corrections for multiple
comparisons using GRF, the significance for second level analyses was also Bonferroni-
corrected for the seven seeds (p < 0.007).

Effective connectivity analysis—Because PPl does not indicate the direction of
modulation, only its presence, the direction of effect in the extended reward network was
investigated using Granger causality analysis (Goebel et al., 2003; Roebroeck et al., 2005).
The same seven anatomical seed ROIs defined for each subject in the PPI analysis were used
in the Granger analysis (NAc, insula, hippocampus, amygdala, ACG, OFC, and, VTA).
Mean time series were determined for each seed ROI and for each subject during the
cannabis cue ON segments using FSL. We began with a fully connected model, where each
ROI acted as both a source and a target region. For each pair of target and source ROIs,
Granger analysis was performed in Matlab using the ARFit package (Neumaier and
Schneider, 2001; Schneider and Neumaier, 2001). Granger causality between ROIs was
expressed as a log ratio of reduction in residual variance, comparing the variance accounted
for by fitting a degree 1 autoregressive (AR) model for the target ROI alone, to the variance
accounted for by adding the source ROI. In addition to a better model fit, a larger log ratio
suggests that activity in the source ROI precedes activity in the target ROI. The significance
of the connections between ROIs was tested using a nonparametric bootstrap by resampling
the timecourses of the individual cue trials with replacement (10,000 samples), generating a
bootstrap distribution of effect sizes for each possible connection. A critical value of p <
0.01 was used to determine significance for within-group analysis. Between-group analysis
was performed by testing for overlap between bootstrap-based 99% confidence intervals.
Between-group significance values (p-values) were estimated by determining the minimum
separating confidence interval between groups for each connection.

The 71 participants who had minimal movement in the scanner (i.e., <3 degrees rotation and
3mm translation) and subsequently used in these analyses had a mean duration of marijuana
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use of 6.67 years (SD = 6.84), mean marijuana use occasions of 3.38 times per day (SD =
2.16) (based on the Cannabis History Questionnaire (CHQ)), and mean marijuana
withdrawal checklist (MWC) score of 5.75 (SD = 4.68). Thirty seven users had a DSM-IV
diagnosis of current cannabis dependence based on SCID-1V interview (First et al., 1997),
leaving 34 participants in the non-dependent users group.

Regarding other drugs of abuse, there were no reports of daily use (one 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). Participants reported a mean frequency of alcohol use of 22.5 days of the
past 90 days (SD = 23.96) and among those who drank, reported a mean of 5.6 drinks on a
drinking day (SD = 7.49). Of the 33 participants who reported some tobacco use, the
average number of cigarettes on smoking days was 8.79 (SD = 7.23).

Pre-scan craving ratings, as measured by MCQ, showed differences between the groups,
t(69) = 2.34, p = 0.022 where dependent users had greater MCQ scores than the non-
dependent users. During the fMRI task, urge ratings were higher following the cannabis cue
trials compared to neutral cue trials, t(64) = 6.43, p < 0.001 (M = 2.01; 95% CI 1.38-2.63).
Dependent and non-dependent groups, however, did not show differences in urge ratings
during the fMRI task, t(63) = —0.52, p = 0.605. Of note, although withdrawal symptoms are
a feature of substance dependence, the acute withdrawal symptoms reported after 3 days of
abstinence did not differ between the two groups (p = ns). We speculate that problems
related to cannabis use distinguished the groups more whereby the dependent group had
greater self-reported problems as assessed by the MPS compared to the non-dependent
group (t(41.94) = 2.50; p = 0.016) (Table 1).

3.1. Functional connectivity in response to cues: PPI results

As expected, there was increased functional connectivity between NAc and areas within the
reward network during exposure to cannabis cue ON vs. neutral cue ON. These clusters
included the ACG, striatum, and the cerebellum (peaks are listed in Table 2, Fig. 1) (cluster-
corrected p < 0.007, z= 2.3).

No functional connectivity differences were found with PPI between the cannabis cue ON
and neutral cue ON conditions at the group level for the amygdala, insula, hippocampus,
VTA, OFC, or ACG seeds.

3.2. Functional connectivity and severity of cannabis dependence

We examined how severity of cannabis use disorders (CUDs) modulated reward network
functional connectivity by examining differences between dependent and non-dependent
users. Because smoking rates differed between dependent and non-dependent users, smokers
whose mean usage was at least 10 cigarettes per day (half a pack) were excluded from group
comparisons. Although the individual group maps appear qualitatively different between the
two groups (See Supplement, Fig. S22), direct contrasts between dependent (N= 31) and
non-dependent users (N= 24) were not significant at the chosen threshold and significance
level (n.s., i.e., z=2.3).
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Because of these observed qualitative differences between groups, we examined whether
these group differences would survive a less conservative height threshold of z=1.96 but
keeping the cluster and Bonferroni correction of p < 0.07. Interestingly, we found
differential effects of CUD severity. The results showed greater functional connectivity for
dependent cannabis users (vs. non-dependent cannabis users) during cannabis cue ON (vs.
neutral cue ON) between the amygdala seed and middle and inferior frontal gyri as well as
superior temporal gryus (cluster-corrected p < 0.007, z= 1.96), while the ACG seed showed
greater connectivity to superior and inferior parietal cortex, precuneus and postcentral gyrus
(cluster-corrected p < 0.007, z= 1.96) (see Fig. 2, Table 4). Non-dependent cannabis users
had greater functional connectivity during cannabis cue ON (vs. neutral cue ON) compared
to dependent cannabis users between the NAc seed and postcentral gyrus, superior parietal,
and inferior parietal (cluster-corrected p < 0.007, z= 1.96), between the OFC seed and pre/
postcentral gyri and superior frontal gyrus (cluster-corrected p < 0.007, z=1.96), and
between the hippocampus seed and the precuneus (cluster-corrected p < 0.007, z= 1.96) (see
Fig. 3, Table 4). No group difference was found for the VTA or insula seeds at this lower
threshold.

3.3. Directionality of functional connectivity in response to cues: Granger causality results

Granger causality analysis suggested a putative organization of the network of areas
involved during exposure to the cannabis cue (cannabis cue ON). A strong connection from
hippocampus-to-amygdala was the most reliable projection, measured as a log ratio
reduction in error 0.0248 (99% CI 0.0132-0.0426). The amygdala, NAc and VTA appear to
be receptive (mostly preceded), whereas hippocampus and ACG appear to be projective
(mostly preceding). The remaining areas of the OFC, and insula had a mix of incoming and
outgoing connections. The insula and ACG were the areas with the largest number of
significant connections (highest degree).

The differences in Granger causality between the dependent and non-dependent groups as
measured by reduction in variance did not reach significance when comparing bootstrap
confidence limits. However, there were qualitative differences. For example, in the non-
dependent group, a connection was present between NAc and OFC, 0.0251 (99% CI
0.0013-0.0603), and absent in the dependent group, 0.0065 (99% CI 0-0.0122); the
difference was nearly significant with p = 0.06, inferred from a minimally separating CI.
The non-dependent group did not show significant precedence from ACG-to-amygdala
(dependent: 0.0242 [99% CI 0.0005-0.031], non-dependent: 0.0006 [99% CI 0-0.0084]),
hippocampus-to-insula (dependent: 0.0156 [99% CI 0.0001-0.0381], non-dependent: 0.0006
[99% CI 0-0.0093]) and insula-to-amygdala (dependent: 0.0321 [99% CI 0.0029-0.0393],
non-dependent: 0.0066 [99% CI 0-0.0291]). These differences approached significance for
the ACG-to-amygdala connection (p = 0.11), but not for hippocampus-to-insula (p = 0.25)
or insula-to-amygdala (p = 0.24). These qualitative differences suggest greater NAc
connectivity in the non-dependent group with less ACG connectivity and greater ACG,
insula, and amygdala connectivity in the dependent group (see Fig. 5).
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3.4. Post-hoc analyses

To further examine the clinical significance of network connectivity during exposure to
cannabis cues, we correlated PPI indexes during response to cannabis cue ON vs. neutral
cue ON with MPS and MCQ in the entire sample (N = 71). These analyses showed that
functional connectivity positively correlated with subjective craving. Specifically, the
greater the total score from the MCQ), the greater the functional connectivity between the
NAc and clusters encompassing the thalamus, pulvinar, and cerebellum (peaks listed in
Table 3, Fig. 4a) (cluster-corrected p < 0.007, z= 2.3). In addition, greater MCQ scores were
associated with greater functional connectivity between amygdala and left precentral and
middle frontal gyri (cluster-corrected p < 0.007, z= 2.3; see Table 3, Fig. 4b). No other
correlations were found between functional connectivity and behavioral measures.

Typical of substance abusing populations, our sample included participants with other drug
use co-morbidities. This effect was especially large for nicotine, where participants who did
and did not meet criteria for cannabis dependence reported some smoking in similar
numbers (roughly 40%), but the smokers in the dependent group on average reported a
greater volume of usage. We eliminated potential confounds by excluding heavy smokers
from both groups in the group comparisons (see Section 2). However, their inclusion in the
overall sample may have influenced the strength of the reported finding. Thus, in order to
determine the contributing effects of other drugs, we also performed a post-hoc analysis
whereby participants who reported other drug use, including alcohol and tobacco, were
excluded (N = 28 excluded, remainingN = 43). Significant connectivity remained for the
NAc and ACG seeds (see Supplement Fig. 833).

4. Discussion

These results demonstrate widespread altered integration of distributed nodes that mediate
various processes related to drug-seeking behavior in cannabis users. Similarly enhanced
reward network coherence has been reported in other substance abusing populations such as
nicotine users (Claus et al., 2013), alcohol users (Filbey et al., 2007), cocaine users (Wilcox
etal., 2011), and obese individuals (Stoeckel et al., 2009). Moreover, increased connectivity
in inhibitory control networks has been reported in cannabis users during successful
response inhibition (via Stop Signal Task; Filbey and Yezhuvath, 2013). The current
findings suggest that greater integration of regions within the reward network may reflect a
greater bias towards reward salience (NAc), emotion (amygdala), and, internal bodily
sensations (insula) during exposure to cannabis cues.

Notably, in other substances of abuse, such as cocaine, variability in the direction of
alteration in functional connectivity (e.g., during resting state) has been noted, which have
been attributed to the region of effect (Cisler et al., 2013). For example, while greater PFC-
insula connectivity was suggested to lead to heightened awareness of internal bodily states
that may then disrupt decision making, decreased anterior cingulate-insula functional
connectivity may reduce one’s ability to divert attention from drug cues. Similarly
differential patterns of connectivity were observed to be associated with severity of cannabis
use in the current study. Specifically, PP showed that dependent users had greater coupling
between both amygdala and ACG seeds and other areas compared to the non-dependent
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users. Both the amygdala and ACG play important roles in affective responsiveness (Kapina
et al., 2010). Some postulate that these regions form a network involved in detecting and
discriminating subconscious and emotionally-laden stimuli (Lassen et al., 2007). Thus, the
current findings of greater integration between the amygdala and inferior frontal gyrus, as
well as ACG and parietal lobe during cue exposure suggest that cannabis cues trigger an
enhanced detection and discrimination of the emotional content of the cues in dependent
cannabis users relative to non-dependent users.

On the other hand, the non-dependent users had greater coherence in areas underlying
hedonic and motivational aspects of reward (both NAc, OFC) compared to dependent users.
Because of the role of this circuitry in reinforcement learning, we speculate that greater
integration of NAc-parietal lobe and OFC-superior frontal gyrus in the non-dependent users
may reflect enhanced conditioned response to cannabis cues due to greater self-awareness.
Non-dependent users also showed greater coherence with the hippocampus seed compared
to the dependent users. The hippocampus provides memory information particularly related
to learned contextual stimuli. Because studies have shown that blockage of the hippocampus
results in the extinction of drug seeking by contextual stimuli, greater integration of this
region with the precuneus in response to cannabis cues, suggests greater influence of
contextual memory and self-awareness in non-dependent users compared to dependent
users. Overall, this differential response in connectivity patterns across cannabis severity
suggests that nuanced processes are associated with different stages of cannabis use
disorder. Specifically, based on these findings, those who are non-dependent have greater
integration of reward-motivation and memory processes with self-awareness in response to
cues, whereas those who are dependent on cannabis have greater reward network response
related to the emotional content/processing of the cues.

We also found that the degree of connectivity between NAc-pulvinar as well as amygdala-
IFG/PFC was positively associated with self-reported craving for cannabis. As our
exploratory Granger connectivity suggests that both NAc and amygdala are mostly
receptive, it is possible that the greater the visual attention to the cues (pulvinar) and
discrimination of the cues (IFG/PFC) that may be influencing the emotional and incentive
salience of the cues, the greater the subjective craving for cannabis. This positive association
between functional connectivity in response to cues and self-reported craving (via MCQ)
suggest that these effects in connectivity can indeed be attributed to increases in craving. In
short, the connectivity patterns within the reward network may reflect the consequences of
craving as a result of exposure to cannabis cues. This is consistent with a recent report in
treatment seeking cannabis users, therefore, providing strong support for a link between
reward network response to cannabis cues and craving (Goldman et al., 2013; Wetherill et
al., 2014).

Finally, our exploratory analysis using Granger connectivity showed no quantitative group
difference in terms of directionality of functional connectivity, which may be due to
limitations of the method. However, some of the sub-threshold differences in patterns of
effective connectivity are worth discussing. For instance, the broad effective connectivity
from the ACG to other areas of the network suggests a modulatory role of the ACG on the
reward network in response to cues. The effective connectivity from the hippocampus to
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amygdala suggests the guiding role of memory in determining emotional valence. Consistent
with the observed group differences observed in PPI, the amygdala shows a more diverse
pattern of connectivity in the dependent users than in the non-dependent users, including
connections from the insula and ACG.

Avre these alterations pre-existing? Studies in those who are at risk have suggested that these
altered network connectivity may predate the clinical presentations of SUDs (Houck et al.,
2013). For example, Weiland et al. (2013) found greater NAc connectivity with paracentral
lobule/precuneus and sensorimotor areas in youth with a family history of alcohol use
disorders during incentive anticipation, which correlated positively with sensation-seeking.
Thus, differences in NAc connectivity with attention/motor/default networks, rather than
control systems, may influence the reward system’s role in vulnerability for substance
abuse. Moreover, Granger analyses showed that hippocampal and ACG activation preceded
neural response in the reward neurocircuitry. These findings support the notion that
dependence to cannabis is associated with greater integration within the reward network
underlies dependence to cannabis.

4.1. Limitations

Some consideration must be taken in the interpretation of these findings. First, this study
characterized the connectivity patterns in the cue reactivity task without respect to a group
of non-using controls. We acknowledge that a comparison against a non-using group could
provide an indicator of how cannabis may alter function in an otherwise healthy, non-
cannabis affected reward network. However, based on the literature, we expect that this
difference may be minimal. For example, Cousijn et al. (2012) found regional activation
differences only in the VTA between cannabis users and non-using controls. Differences in
reward area response were more pronounced between different cannabis users broken down
by severity of use. Comparisons between using and non-using groups bring unique
challenges. For instance, differences between a control group and the substance using group
are likely to be very difficult to interpret, given that the task has a substantially different
craving component for the controls (i.e., the cannabis cue is unlikely to produce craving in
non-cannabis using subjects). Future studies should consider more effective approaches to
disentangle these issues.

4.2. Conclusions

Building upon growing evidence of changes in regional activation in brain reward areas in
cannabis users, we sought to characterize changes in the functional organization of the
reward circuitry in cannabis users. We found that the reward circuitry is altered in cannabis
users such that there is greater integration within the network. Using Granger analysis, we
also noted that the response in key areas within the reward network is driven by “auxiliary’
areas involved in memory (hippocampus) and attention (ACG). More importantly, while no
regional activation difference was found between the two groups, the degree of functional
connectivity with the reward network regions distinguished dependent from non-dependent
cannabis users, albeit at a lower threshold. These findings suggest a differential effect of
CUD severity on degree of functional connectivity within the reward network. The
importance of this finding is in demonstrating a neurobiological basis for the progression of
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or the risk for CUDs that can inform growing studies of functional connectivity changes as a
result of treatment (e.g., methylphenidate; Janes et al., 2010; Ramaekers et al., 2013) and
morbidity for substance dependence (i.e., family history; Weiland et al., 2013).

4.3. Future directions

The whole brain PPI and ROI-based Granger analysis allowed us to explore the patterns of
connectivity in the reward network that participate in cue-reactivity in cannabis abuse and
dependence. These findings would need to be replicated by direct tests of changes in the
network with increased power. Subsequent analyses may make use of Dynamic Causal
Modeling or Multivariate Granger analyses to directly test competing models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Whole brain functional connectivity between the nucleus accumbens (NAc) and other brain

areas in response to cannabis cues (vs. neutral cues) in all participants (cluster-corrected z =
2.3, p<007).
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a) Amydgala: Dependent > Non-dependent b) ACG: Dependent > Non-dependent

Fig. 2.
Cc?nnectivity differences between participants who did and did not meet SCID IV cannabis
dependence criteria for the cannabis cue ON > neutral cue ON contrast psychophysiological
interaction (PPI) analysis for the a) amygdala and b) anterior cingulate gyrus (ACG) seeds
(cluster-corrected, z=1.96, p < 0.007).
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a) NAc: Non-dependent > Dependent b) OFC Non-dependent > Dependent ¢) Hippocampus: Non-dependent >
Dependent
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Fig. 3.
Connectivity differences between participants who did and did not meet SCID IV cannabis

dependence criteria for the cannabis cue ON > neutral cue ON contrast psychophysiological
interaction (PPI) analysis for the (a) nucleus accumbens (NAc), (b) orbitofrontal cortex
(OFC), and (c) hippocampus seeds (cluster-corrected, z=1.96, p < 0.007).
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Fig. 4.
Correlation between subjective craving scores (MCQ) and cannabis cue ON > neutral cue

ON contrast PPI for the (a) nucleus accumbens (NAc) seed and (b) amygdala seed (cluster-
corrected, z= 2.3, p < 0.007). ROIs = regions of interest, fcMRI = functional connectivity
MRI.
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Page 19

Granger error reduction (log ratio of residual improvement) for: (a) all cannabis users, (b)

dependent users, and, (c) non-dependent users. Only connections whose bootstrap

confidence intervals exceeded threshold at p < 0.01 are included. Color and arrow indicate
the temporal precedence of the connection and the size is proportional to the magnitude of

error reduction (strength of connection).
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Dependent Mean (SD)

Non-dependent Mean (SD)

Statistical test for dependent vs.

non-dependent

N

Age

% Males

Years of education
WASI verbal 1Q

Freq. of cannabis use (# days use from past
90)

Cigarettes per day (N =17, N = 16)

# drinking days/90 days

Alcohol drinks/occasion (N = 32, N = 28)
Self-reported craving (N = 36, N = 29)
MPS (N =31, N=28)

MCQ

MWC (N = 37, N = 34)

Duration of regular use (N = 36, N = 34)
Age of regular use onset (N = 36, N = 34)

37
24.46 (6.91)
75.7%

13.77 (3.24)
54.35 (10.91)
80.81 (14.28)

6.26 (6.73)
20.76 (19.48)
4.91 (2.44)

1.86 (2.55)
4.35 (5.05)

212.8 (133.1)
6.19 (4.92)
5.81 (5.82)
18.17 (3.62)

34
24.47 (8.06)
73.5%

13.35 (2.23)
55.18 (9.45)
82.59 (14.77)

11.48 (6.96)
24.44 (28.22)
6.43 (10.70)

2.19 (2.50)
1.86 (2.21)

142.1 (120.6)
5.15 (3.56)
7.59 (7.75)
17.04 (2.60)

t(69) = -0.006; p = .995
22(1) = 0.043; p= .835
t((69) = 0.626; p = 533
t(69) = -0.34; p= 735
t(69) = -0.515; p = .608

t(31) = -2.19; p=.036
t(69) = -0.645; p= 521
1(29.46") = -0.735; p = .468
t(63) = -0.52; p = .605
1(41.94") = 2.50; p = .016
1(69) = 2.34; p = .022

t((69) = 0.835; p = .406
t(68) = -1.09; p= .279
t((68) = 1.48; p = .143

WASI = Wechsler Abbreviated Scale of Intelligence; MPS = Marijuana Problem Scale; MCQ = Marijuana Craving Questionnaire; MWC =

Marijuana Withdrawal Checklist.

*
Corrected for inequality of variances.
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