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Abstract 

Heavy cannabis use is associated with reduced motivation. The basal ganglia, central 

in the motivation system, have the brain’s highest cannabinoid receptor density. The 

frontal lobe is functionally coupled to the basal ganglia via segregated frontal-

subcortical circuits conveying information from internal, self-generated activity. The 

basal ganglia, however, receive additional influence from the sensory system to 

further modulate purposeful behaviors according to the context. We postulated that 

cannabis use would impact functional connectivity between the basal ganglia and both 

internal (frontal cortex) and external (sensory cortices) sources of influence. Resting-

state functional connectivity was measured in 28 chronic cannabis users and 29 

controls. Selected behavioral tests included reaction time, verbal fluency and 

exposition to affective pictures. Assessments were repeated after one month of 

abstinence. Cannabis exposure was associated with (i) attenuation of the positive 

correlation between the striatum and areas pertaining to the “limbic” frontal-basal 

ganglia circuit, and (ii) attenuation of the negative correlation between the striatum 

and the fusiform gyrus, which is critical in recognizing significant visual features. 

Connectivity alterations were associated with lower arousal in response to affective 

pictures. Functional connectivity changes had a tendency to normalize after 

abstinence. The results overall indicate that frontal and sensory inputs to the basal 

ganglia are attenuated after chronic exposure to cannabis. This effect is consistent 

with the common behavioral consequences of chronic cannabis use concerning 

diminished responsiveness to both internal and external motivation signals. Such an 
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impairment of the fine-tuning in the motivation system notably reverts after 

abstinence. 

Key words: arousal, addiction, basal ganglia, cannabis use, fMRI, motivation
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1. Introduction 

Chronic cannabis use may significantly compromise both perceptual and 

executive functioning. Reported alterations include less efficient performance on 

tasks of visuomotor integration, time estimation, motor control and decision-

making (King et al, 2011; Skosnik et al, 2014; Solowij et al, 2002; Wesley et al, 

2011). Significant impairments in the emotional and motivational domains have also 

been identified, including poorer facial emotion recognition (Bayrakci et al, 2014; 

Hindocha et al, 2014), and reduced sensitivity to experimentally induced negative 

emotional states (Somaini et al, 2012) and reward processing (Martin-Soelch et al, 

2009). This broad profile of behavioral changes is compatible with an effect of 

cannabis on brain structures critical to the integration of multiple-source information. 

The basal ganglia complex is a firm candidate to mediate a variety of cannabis 

effects due to both their high density of cannabinoid receptors (actually the highest 

density in the brain) (Herkenham et al, 1990) and their central location in the 

modulation of the entire span of brain responses. In the role of modulating motor, 

cognitive and emotional responses, the basal ganglia integrate information from 

different sources. As part of the frontal-basal ganglia circuitry, the striatum (caudate 

and putamen) receives excitatory afferents from functionally specialized motor, 

associative and limbic regions of the frontal cortex (Alexander et al, 1986; Haber, 

2003). This frontal cortical input is classically conceptualized as the primary 

influence on basal ganglia conveying information from internal, self-generated mental 

activity. However, relevant sources of external, sensory information also target the 

basal ganglia. Individual striatal regions receive some auditory, visual and 
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somatosensory inputs via thalamostriatal projections (Marchand, 2010; Shulz et al, 

2009; Webster, 1975; Yin and Knowlton, 2006), as well as through direct 

corticostriatal projections arising from sensory and association areas (e.g., inferior 

temporal cortex, superior temporal gyrus) (Brown et al, 1997; Connor and Abbs, 

1990; Seger, 2013; Wilson, 2014). Indirect sensory inputs involve amygdalar and 

hippocampal projections (Alexander et al, 1986; Marchand, 2010). Also, the midbrain 

dopaminergic system, which has a fundamental role in modulating striatal activity, is 

highly sensitive to salient and arousing sensory stimulation (Da Cunha et al, 2012; 

Horvitz, 2000). A dual cortico-basal ganglia circuitry is thus involved in constructing 

appropriate purposeful behaviors according to both internal motivation and external 

constraints. 

Previous neuroimaging studies have identified functional changes in the basal 

ganglia related to cannabis use (Batalla et al, 2013). Abnormal neural responses in the 

striatum, as measured with fMRI, have been consistently reported (Batalla et al, 2013; 

Jager et al, 2013; Nestor et al, 2010; van Hell et al, 2010;). In addition to task-related 

experiments, MRI analysis of spontaneous brain activity allows the integrity of 

relevant functional networks to be tested on the basis of region activity 

synchronization - typically defined as “functional connectivity” (Fox and Raichle, 

2007). A recent study using multi-voxel pattern analysis to classify cannabis users 

from controls revealed that functional connectivity alterations may indeed be present 

under resting state conditions, with key discriminating areas being the frontal cortex 

and fusiform gyrus (Cheng et al, 2014). We have also recently reported that chronic 
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cannabis use alters functional connectivity between higher-order brain networks 

relevant to self-awareness (Pujol et al, 2014a).  

Functional connectivity studies in healthy subjects have consistently shown 

that the striatum is positively connected with frontal cortical areas, and negatively 

connected with sensory cortices and the hippocampus (Barnes et al, 2010; Di Martino 

et al, 2008; Harrison et al, 2009). Although the positively connected frontal circuits 

have attracted more attention, the negative functional coupling between sensory 

cortices and basal ganglia also is very robust (Di Martino et al, 2008). Such a 

functional relationship between the sensory cortices and the basal ganglia is highly 

dynamic. The negative correlation (anticorrelation) observed under resting state 

conditions, may be seen as a positive correlation (co-activation) during tasks 

involving meaningful visual stimulation (Anderson et al, 2014; Butler et al, 2007; 

Seger, 2013). 

Presynaptically located, cannabinoid receptors are ideally positioned to 

modulate the balance of excitation and inhibition (McLaughlin et al, 2014). Excessive 

stimulation of cannabinoid receptors in chronic users could affect the function of the 

basal ganglia and attenuate the influence of their afferent inputs. Our hypothesis is 

that this effect will impact on the functional connectivity of the basal ganglia with 

both internal (frontal cortex) and external (sensory cortices) sources of influence. 

In the present study, we used resting-state fMRI to examine cannabis effects 

on basal ganglia functional connectivity in early-onset chronic cannabis users without 

comorbid psychiatric disorders. A selected cognitive assessment was conducted 

including reaction time to broadly explore motor system readiness, a verbal fluency 
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task to assess the capacity to internally generate cognitive activity and the exposition 

to affective pictures to assess responsiveness to external stimulation. Whole-brain 

correlation mapping served to determine the extent to which potential connectivity 

changes were related to cannabis users’ performance in these tests. Imaging data was 

initially acquired during active cannabis use, but in the unintoxicated state (i.e., 

explored at least 12 hours after the last cannabis use). The assessment was repeated 

after one month of controlled abstinence with the goal of addressing potentially 

enduring alterations.” 
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2. Materials and methods 

2.1 Participants 

Twenty-eight chronic cannabis user men (mean ± SD age, 21 ± 2 years) were 

assessed and compared with a control group of 29 non-user men (age, 22 ± 3 years, 

ns). Participants were recruited via a webpage and distribution of flyers and ads. To 

evaluate study eligibility, a comprehensive telephone screening was carried out. When 

eligible, participants were assessed using a detailed medical history, physical 

examination, a structured psychiatric interview for substance users (PRISM-DSM-IV; 

Torrens et al, 2004), blood biochemical analyses and urine toxicology analyses 

(immunometric assay kits, Instant-View; ASD Inc., Poway, California). 

 

Inclusion to the cannabis group required participants to be male, aged between 

18 and 30 years, with at least 10 years of education (mean ± SD, 14 ± 2 years), 

cannabis use onset before age 16, cannabis consumption (smoking) more than 14 

times a week at the time of selection and during at least 2 years prior to study entry, 

positive urine test for cannabinoids and negative for opiates, cocaine, amphetamines 

and benzodiazepines. Exclusion criteria included: Diagnostic and Statistical Manual 

for Mental Disorders-Fourth Edition (DSM-IV; American Psychiatric Association, 

2000) Axis I disorder, other than cannabis dependence disorder, relevant medical or 

neurological disorders, learning disabilities, use of psychoactive medications, 

previous lifetime use of any other recreational drug of more than 5 occasions lifetime 

(except alcohol and nicotine), lifetime criteria for alcohol abuse or dependence and 

relevant current alcohol consumption. As a consequence of a strict sample selection, 
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current alcohol intake was very low in both study groups, showing a mean ± SD of 

5.3 ± 4 units a week in users and 3.1 ± 2.6 units a week in control subjects. On 

average, cannabis users smoked a mean ± SD of 5.9 ± 5.2 cigarettes a day and control 

subjects, 2.4 ± 5.9 cigarettes a day. Only three participants (two users and one control 

subject) smoked more than 10 cigarettes per day. All participants were right-handed. 

 

Control subjects were also required to be male, aged between 18 and 30 years, 

with at least 10 years of education (15 ± 1 years), with less than 15 lifetime 

experiences with cannabis (none in the past month) and negative urine drug screen. 

Exclusion criteria were identical to the cannabis group. Cannabis users and control 

subjects showed a mean difference of 1 year in education (t=2.2, p=0.032). Therefore, 

study analyses were performed controlling for this variable when appropriate.  

 

Participants were required to refrain from cigarette smoking and caffeine 6 

hours, and alcohol and cannabis 12 h before the scanning session. All of them 

reported full accomplishment of these conditions for each substance. The study 

consisted of two fMRI assessments. The second fMRI session was carried out in all 

available participants after a period of 28 days of controlled cannabis abstinence. 

During this abstinence period, use of drugs of abuse, including cannabis, was checked 

with urine weekly drug screenings scheduled on days 7, 14, 21 and 28. Subjects were 

expected to exhibit negative urine tests for all drugs of abuse but cannabinoids and 

were monitored for levels of the metabolite 11-nor-9-carboxy-delta9-

tetrahydrocannabinol (THCCOOH). All cannabis users included in the study reported 
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abstaining from cannabis use through the follow-up. Quantitative measures in urine 

were performed by immunoassay with values <50 ng/mL classified as negative. 

Cannabis users were considered abstinent provided a decrease of creatinine-corrected 

baseline urinary THCCOOH concentrations. 

 

Written informed consent was obtained from all participants. The study was 

approved by the local ethics committee (CEIC-IMAS, CEIC-Hospital Clínic, 

Barcelona) and was in compliance with the Declaration of Helsinki.  

 

2.2 Behavioral assessment 

Prior to the scanning session, participants underwent three brief behavioral 

tests known to be sensitive to striatal dysfunction (Thames et al, 2012) including a 

computerized version of the Motor Screening Test (MOT, included in the CANTAB 

neuropsychological battery; Automated CCNT, 2006), a verbal fluency test (Benton et 

al, 1983) and a picture-viewing task (using the International Affective Picture System, 

IAPS; Lang et al, 1995). The MOT is a simple pointing task and was conducted to 

assess subjects’ general motor system readiness. Participants were instructed to point 

on a flashing cross as soon as it appeared in the computer screen. For the verbal 

fluency task, participants were requested to produce as many words in 1 min as 

possible that belonged to a specific semantic category, namely animals. A set of 

standardized IAPS color photographs was used as emotionally evocative visual 

stimuli. Participants were asked to rate each picture on two dimensions (i.e., valence 

and arousal) based on the intensity of the emotion that the picture elicited using a 9-
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point scale (1 = “very negative” or “low intensity/arousal”; 9 = “very positive” or 

“high intensity”).  

The primary outcome variables obtained from the different probes were: 

response latency and accuracy in the MOT, total number of correctly generated words 

in 60 s in the verbal fluency test and mean valence and arousal scores in the IAPS.  

 

2.3 Image acquisition and preprocessing 

MRI acquisition. Images were acquired with a 1.5 Tesla Signa Excite system 

(General Electric, Milwaukee, WI, USA) equipped with an eight-channel phased-

array head coil and single-shot echoplanar imaging (EPI) software. The functional 

sequence consisted of gradient recalled acquisition in the steady-state (time of 

repetition [TR], 2000 ms; time of echo [TE], 50 ms; pulse angle, 90º) within a field of 

view of 24 cm, with a 64 x 64-pixel matrix, and slice thickness of 4 mm (inter-slice 

gap, 1.5 mm). Twenty-two interleaved slices were prescribed parallel to the anterior-

posterior commissure line covering the whole brain. A 6-min continuous resting-state 

scan was acquired for each participant, generating 180 whole brain EPI volumes. The 

first four (additional) images in each run were discarded to allow magnetization to 

reach equilibrium. For this sequence, participants were instructed to relax, stay awake 

and to lie still without moving, while keeping their eyes closed throughout. 

 

Image pre-processing. Imaging data were processed using the Statistical 

Parametric Mapping software (SPM8; The Wellcome Department of Imaging 

Neuroscience, http://www.fil.ion.ucl.ac.uk/spm/), running on Matlab version 2011b 
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(The Mathworks Inc., Natick, Mass). Preprocessing involved: (i) conventional rigid 

body realignment procedures to correct for head movement, (ii) spatial normalization 

to the standard SPM-EPI template and reslice of the functional images to 2 mm 

isotropic resolution in Montreal Neurological Institute (MNI) space, and (iii) 

smoothing using a Gaussian filter (full-width half-maximum, 8 mm). A high-pass 

filter set at 128 seconds was used to remove low-frequency drifts of less than 

approximately 0.008 Hz. All image sequences were inspected for potential acquisition 

and normalization artifacts. One cannabis user was excluded from an original sample 

of 29 subjects due to non-optimal data acquisition. 

 

Head motion measurements. Motion was quantified using realignment parameters 

obtained during image preprocessing, which included 3 translation and 3 rotation 

estimates. Average inter-frame motion measurements (head position variations of each 

brain volume as compared to the previous volume) were used to capture head motion 

across the 6-minute scan. For each subject, a motion summary measurement that 

combined translations and rotations was computed in mm by adapting the formula of 

Van Dijk et al. (2012). We compared both study groups as for potential differences in 

movement for translations (mean ± SD, 0.053 ± 0.02 controls, 0.042 ± 0.02 cannabis 

users), rotations (mean ± SD, 0.029 ± 0.01 controls, 0.027 ± 0.01 cannabis users), and 

mean inter-frame motion (mean ± SD, 0.041 ± 0.01 controls, 0.035 ± 0.01 cannabis 

users) and found no significant differences in any parameter. 
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2.4 Seed-based functional connectivity analyses 

To assess potential differences in the pattern of functional connectivity of 

specific striatal subdivisions, we performed a detailed seed-based cross-correlation 

analysis of subjects’ resting-state imaging sequences. Functional connectivity seed 

maps of the regions of interest were generated adapting the procedures detailed in 

Harrison et al. (2009) after Di Martino et al. (2008). Briefly, for each location, seeds 

were defined using the MarsBar region-of-interest toolbox (Brett et al, 2002) as 3.5 

mm radial spheres (sampling approximately 25 voxels in 2 mm isotropic resolution) 

with a minimum Euclidean distance requirement of 8 mm between any two regions, 

centered at the following bilateral MNI coordinates: a) dorsal caudate, x=13, y=15, 

z=9; b) dorsal putamen, x=28, y=1, z=3; c) ventral caudate, corresponding 

approximately to the nucleus accumbens, x=9, y=9, z=-8; and d) ventral putamen, 

x=20, y=12, z=-3. Signal values for the seeds (8 in total) were calculated as the 

average signal of the voxels included in the seed at each time point. 

 

To generate the seed maps, the signal time course of the selected seed region 

was used as a regressor to be correlated with the signal time course of every voxel in 

the brain, and the obtained voxel-wise regression coefficients were represented as 

first-level SPM contrast images. This process was performed for each subject and 

seed separately. To remove potential sources of physiological noise, we derived 

estimates of brain tissue signal fluctuations to be included as confounding variables in 

the multiple regression SPM models together with the variable of interest. Using 

normalized standard masks in MNI space from SPM, white matter, CSF and global 
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brain segments were thresholded at 70% tissue probability type and binarized to 

create nuisance variable masks. 

 

First-level contrast images, estimated for each participant, were then included 

in second-level (group) random-effects analyses. One-sample t-statistic maps were 

calculated to obtain functional connectivity maps for each group, and two-sample t-

tests were performed to map between-group differences. SPM linear regression was 

used to estimate the correlation between (self-reported) cannabis use measurements 

(years of cannabis use, average joints per time and cannabinoid metabolites as 

independent regressors) and voxel-wise functional connectivity in the obtained maps 

in the cannabis users group. Voxel-wise correlation analyses were also performed in 

SPM between behavioral measurements (i.e., IAPS-related arousal) and seed 

functional connectivity in both groups. In order to address the difference in 

educational level between groups, the seeds and correlation maps were re-estimated 

after covarying for subjects’ years of education.  

 

 Thresholding criteria. To identify functional connectivity networks in one-

sample analyses, between-group differences and correlation analyses between 

behavioral ratings and connectivity measurements, results were considered significant 

with clusters of 1.032 ml (>129 voxels) at a height threshold of p< 0.005, which 

satisfied the family-wise error (FWE) rate correction of PFWE < 0.05 according to 

recent Monte Carlo simulations (Pujol et al, 2014a; 2014b).  
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2.5 Statistical analysis of behavioral data. 

Student t-test was used to compare demographic and behavioral variables 

between groups. Repeated measures ANOVAs were conducted to examine possible 

differences between behavioral ratings in the baseline and post-abstinence 

acquisitions, and ANCOVA was used instead when covariates were included in the 

comparison. 
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3. Results 

3.1 Behavioral assessment 

Estimates of cannabis use and summary statistics for the behavioral tests are 

shown in Table 1. At baseline, cannabis users and control subjects only differed in 

their arousal ratings on the IAPS test. On average, cannabis users rated the pictures 

6.1% (95% CI [0.7, 11.4]) less arousing (p = 0.026) than control participants. After 

controlling for the effect of education, group differences in arousal ratings remained 

significant [F= 5.46 and p= 0.023].   

 

 After 28 days of cannabis abstinence, we found no significant between-group 

differences in any of the main performance indices on the tasks. Though cannabis 

users again tended to evaluate images from the IAPS as less arousing than healthy 

controls, the difference was not statistically significant.  

 

3.2 Functional connectivity 

Within-group maps. Overall, both groups exhibited significant and robust patterns of 

striatal functional connectivity. Positive correlations were found between the striatal 

seed regions and a distributed set of cortical areas involving frontal and parietal cortex 

and subcortical structures involving the whole bilateral striatum, globus pallidus, 

thalamus, subthalamic region and upper mesencephalon (Supplementary Material, 

Tables S1-S4 and Figures S1 and S2). The caudate nucleus was more densely 

connected to the prefrontal cortex and rostral anterior cingulate cortex (ACC), 

whereas the putamen was more connected to motor regions and supplementary motor 
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area (SMA). Negative functional connectivity with the striatal seeds mostly involved 

superior parietal regions, occipital cortices - including primary visual areas, the 

lingual gyrus and the fusiform gyrus-, portions of the temporal cortex, and superior 

parts of the cerebellum (Supplementary Material, Tables S1-S4 and Figures S1 and 

S2).  No substantial hemispheric differences were noted for any of the connectivity 

maps. 

 

Between-group differences. Cannabis users exhibited abnormal functional 

connectivity between the striatum and cortical areas in both the positively correlated 

and negatively correlated (anticorrelated) systems with notably overlapping results 

across the different seed maps (Figure 1 and Tables S1-S4). As the most consistent 

finding, cannabis users showed a significant reduction of the positive correlation 

between several striatal seed regions and the ACC/medial frontal cortex, as well as a 

significant reduction of the negative correlation between several striatal regions and 

the fusiform gyrus bilaterally (Figure 1).  

 

To extend the analysis and explore the reciprocity of functional connectivity 

alterations described above, additional maps were generated placing seeds at peak 

between-group differences (ACC at MNI coordinates: x=8, y=26, z=28, and fusiform 

gyri at right x=33, y=-51, z=-21, and left, x=-36, y=-44, z=-20). Figure S3 in 

Supplementary Material shows the within-group functional connectivity maps from 

this analysis and Figure 2 and Table S5 show between-group differences. Consistent 

with the study’s primary results, cannabis users showed a significant reduction of the 
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positive correlation between the ACC and the basal ganglia, and a significant 

reduction of the negative correlation between both fusiform gyri and the basal 

ganglia. These results are highly demonstrative of the association of cannabis use with 

attenuated functional coupling of the basal ganglia with converging frontal and 

sensory inputs.  

 

3.3 Correlation analyses 

Correlation of functional connectivity changes with measurements of cannabis 

use. Within the cannabis user group, voxel-wise regression analysis revealed a 

significant negative correlation between years of cannabis use and functional 

connectivity measurements in the ACC/medial frontal cortex in both the (right) dorsal 

and (left) ventral caudate seed maps. Consistently, a significant positive correlation 

was also found between cannabinoid metabolites present in urine and functional 

connectivity in the left fusiform gyrus in the (right) ventral putamen seed map. Figure 

3 shows scatter plots illustrating these correlations. 

 

Correlation with behavioral ratings. This analysis was limited to the behavioral 

variable showing significant between-group differences (i.e., IAPS mean arousal 

ratings). As to the primary basal ganglia functional connectivity maps, cannabis users 

versus controls showed stronger positive correlation between arousal ratings and 

functional connectivity between the caudate nucleus and medial prefrontal cortex, 

posterior cingulate cortex, and bilateral angular gyri, which are major constituents of 

the default mode network. Cannabis users also showed stronger negative correlation 
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between arousal ratings and functional connectivity between the caudate nucleus and 

the sensorimotor cortex bilaterally (Figure 4 and Table S6), which is in the striatum 

negative correlation map.  

 As to the ACC and fusiform gyrus functional connectivity maps, arousal 

ratings interestingly correlated with functional connectivity measurements in the basal 

ganglia itself. Specifically, cannabis users versus controls showed stronger positive 

correlation between arousal ratings and functional connectivity between the ACC and 

the basal ganglia, and stronger negative correlation between arousal ratings and 

functional connectivity between the right fusiform gyrus and basal ganglia (Figure 4, 

Table S6). Note the resemblance between the pattern of correlations and the pattern of 

between-group differences in the ACC and fusiform seed maps (Figure 2). 

 

3.4 Long-term cannabis use effect on functional connectivity 

After one month of supervised abstinence, no significant between-group 

differences were observed in the regions showing changes at baseline. Findings above 

threshold were only identified in orbitofrontal areas with no group effect during 

cannabis use. Nevertheless, when a more lenient threshold was employed (p<0.01 

uncorrected, 129 voxels), between-group differences persisted for connectivity 

decreases in the (left) dorsal and (right) ventral caudate seed maps involving the 

medial frontal cortex/ACC (MNI x=12, y=-6, z=56, T=2.8 and x=-14, y=26, z=24, 

T=3.1), suggesting partial normalization of functional changes in the cannabis user 

group. 
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4. Discussion 

Chronic cannabis use was associated with abnormal functional connectivity 

between the striatum and cortical areas, with respect to both the positively correlated 

(frontal cortex) and anticorrelated (sensory cortex) systems. The areas showing the 

most consistent positive correlation reduction involved the ACC and adjacent medial 

prefrontal cortex. The most consistent anticorrelation reduction involved the fusiform 

gyrus. Relevantly, these observed functional connectivity alterations showed a 

tendency to normalize after 28 days of controlled abstinence. 

The ACC is the primary cortical component of the basal ganglia “limbic loop” 

(Cummings, 1993) and receives direct input from dopaminergic brainstem neurons 

and amygdala, signaling the arousal/drive state of the organism (Paus, 2001). This 

circuit is generally conceptualized as an “auto-activation” platform (Laplane and 

Dubois, 2001) involved in the integration of emotional/motivational information with 

purposeful (i.e., goal-directed) behavioral responses (Habib, 2004). Disruption of this 

system as a result of neurological lesions is well known to be associated with 

diminished drive (e.g., apathy, loss of interest, absence of spontaneous actions, 

psychomotor slowing and blunted affect) (Cummings, 1993; Habib, 2004). 

In this context, our finding of attenuated functional connectivity within the 

striatal-ACC circuit is consistent with the notion that heavy cannabis use may 

significantly affect motivation (Filbey et al, 2013; Volkow et al, 2014). Lowered 

alertness (Wadsworth et al, 2006), anhedonia and reduced reactivity to reward 

(Dorard et al, 2008; Martin-Soelch et al, 2009) are frequent observations in chronic 

cannabis users. Indeed, expressions such as feeling tired, fatigued, low in energy and 

This article is protected by copyright. All rights reserved.



22 

unmotivated are common in self-reports of the adverse consequences of heavy 

cannabis use (Patton et al, 2002; Reilly et al, 1998). Neuroimaging studies have 

certainly provided converging evidence of dysfunctional ACC and medial prefrontal 

cortex in chronic cannabis users in tasks involving, for example, decision-making 

(Wesley et al, 2011), error-awareness (Hester et al, 2009), response inhibition and 

responses to negative reward (Eldreth et al, 2004; Gruber et al, 2009). 

Our other central finding in chronic cannabis users involved a significant 

attenuation of the typically observed negative functional coupling between the 

striatum and the fusiform gyrus. The fusiform gyrus is closely functionally linked to 

the hippocampus and extended amygdala complex, as part of the ventral visual 

processing stream, to jointly mediate individual’s reactions according to the 

significance of external stimuli (Haxby et al, 2002). Behavioral studies in heavy 

cannabis users have reported impairments in visuo-perceptual domains with notable 

fusiform gyrus participation, including slower and less accurate emotional face 

recognition (Bayrakci et al, 2014; Hindocha et al, 2014; Platt et al, 2010) and lower 

arousal in response to affective pictures (Somaini et al, 2012).  

In our study, lower arousal in response to affective pictures was significantly 

associated with attenuated connectivity of the fusiform gyrus and ACC with the 

striatum supporting the notion that diminished responsiveness in cannabis users may, 

at least in part, be mediated by altered modulation of the basal ganglia system. Lower 

arousal was also associated with enhanced connectivity between the striatum and the 

default mode network. This association could reflect an attentional bias to self-

This article is protected by copyright. All rights reserved.



23 

referential processes in detriment to the individual’s readiness to respond to external 

stimuli in cannabis users (Pujol et al, 2014a).  

After 28 days of cannabis discontinuation, abnormal reductions in basal 

ganglia functional connectivity were still observed in the cannabis user group, albeit 

mostly attenuated. Similarly, there was a general tendency for the magnitude of 

observed differences in arousal ratings to be reduced in the follow-up. These findings 

suggest that functional changes associated with active cannabis use have a tendency 

to recover with abstinence. However, this does not mean that the brain, and 

particularly the reward system, fully normalizes after cleaning the drug. Indeed, long-

term studies in substance users have shown that the consequences of cumulative 

exposure to a substance can continue to affect motivational processes and cognitive 

functioning well after the cessation of use. Heavy cannabis use has been associated 

with altered motivational processes (e.g. strong motivations towards drug use) 

involving cue-induced craving, attentional biases and approach tendencies (Cousijn, 

2015), thought to play an important role in continued substance use and relapse. The 

potentially abnormal functioning of the reward system in chronic cannabis users 

during the abstinent state could be further investigated with new functional 

connectivity approaches and, mostly, by testing its responsiveness in cue-elicited 

craving experiments using fMRI (Parvaz et al, 2011). 

 

Limitations. Alcohol and nicotine use frequently co-occur with cannabis. Our 

recruitment criteria addressed this potential limitation and only participants with low 

alcohol and cigarette use were included. However, all cannabis users in our study 
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smoked cannabis combined with tobacco (the most common form of cannabis use in 

Spain). Therefore, although cannabis may arguably be the major responsible for the 

observed alterations, we cannot exclude potential confounding effect of nicotine. 

Also, correlational studies may not be appropriate for making direct statements 

regarding the causal role of cannabis. Nonetheless, the observed association between 

cannabis use variables and functional connectivity changes, in addition to observed 

effects of abstinence, suggest such relationship may exist. Additionally, our study 

does not allow distinguishing between direct drug actions on cannabis receptors and 

long-lasting effects on brain functional connectivity (shaping) in the involved 

systems. Further studies assessing cannabis dose-functional connectivity relationships 

may be important for elucidating this issue. Finally, a 6 min resting-state fMRI may 

be considered a relatively short period. 

To the extent that functional connectivity relates to neural activity integration 

(Leopold and Maier, 2013), the results of the current study indicate that frontal and 

sensory inputs to the basal ganglia are significantly attenuated in chronic cannabis 

users. This effect is consistent with the common behavioral consequences of chronic 

cannabis exposure concerning blunted responsiveness to both internal and external 

motivation signals. Importantly, abstinence appears to partly reverse the effects of 

cannabis on the fine-tuning of the brain’s motivation system. These relationships 

should now be explored in the context of vulnerability or proneness to mental illness, 

particularly, to an elevated risk of psychosis.  
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Figure Legends 

Figure 1. Between-group differences in the basal ganglia functional 

connectivity maps. Compared with control subjects, cannabis users (CU) showed a 

significant reduction of the positive correlation between several striatal seed regions 

and the ACC/medial frontal cortex (top panels), and a significant reduction of the 

negative correlation between several striatal regions and the fusiform gyrus (bottom 

panels). Result overlap across different striatal maps are illustrated in A and B. Right 

side of the figure corresponds to the right hemisphere for axial views. L, left 

hemisphere; R, right hemisphere; DC, dorsal caudate; VC, ventral caudate; VP, 

ventral putamen. 

 

Figure 2. Between-group differences in the ACC and fusiform gyri 

functional connectivity maps. Cannabis users (CU) showed a significant reduction 

of the positive correlation between the anterior cingulate cortex (ACC) seed region 

and the basal ganglia, and a significant reduction of the negative correlation between 

fusiform gyri and the basal ganglia. Right side of the figure corresponds to the right 

hemisphere for axial and coronal views. L, left hemisphere; R, right hemisphere. 

 

Figure 3. Plots of the correlations between measurements of cannabis use 

and functional connectivity. Longer history of cannabis use was associated with 

lower functional connectivity between the left dorsal caudate and the ACC/medial 

frontal cortex (top panel; peak correlation at MNI coordinates x=0, y=34, z=32; 

T=3.4), whereas greater amount of cannabinoid metabolites in urine was associated 
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with higher functional connectivity (decreased anticorrelation) between the right 

ventral putamen and the left fusiform gyrus (bottom panel; peak correlation at MNI 

x=-36, y=-42, z=-20; T=3.9). The boxplots illustrate reference functional connectivity 

values in the control group. The right hemisphere corresponds to the right side of the 

axial view. DC, dorsal caudate; VP, ventral putamen; A.u., arbitrary units. 

 

Figure 4. Correlation of arousal ratings with functional connectivity. 

Primary analysis (top row): In cannabis users, lower levels of arousal were associated 

with weaker positive correlation between basal ganglia and the default-mode network 

(top left), and with weaker negative correlation between the basal ganglia and the 

sensorimotor cortex (top right). In the extended analysis (bottom row): lower arousal 

correlated with weaker connectivity between basal ganglia and anterior cingulate 

cortex (ACC) (bottom left), and with weaker negative  correlation between the basal 

ganglia and the fusiform gyrus (bottom right). Right side of the figure corresponds to 

the right hemisphere for both axial and coronal views. VC, ventral caudate; DC, 

dorsal caudate. 
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Table 1. Cannabis use and behavioral tests 
 Cannabis users 

Mean (SD) 
 

Median 
 

Min 
 

Max 
    

Age of use onset 14.9 ± 1.0 15.0 13 17     
Duration of use (years)  6.0 ± 2.5 6.0 2 12     
Total lifetime use (joints) 5 268 ± 4 2651 3 625 1 440 17 520     
Average joints per year  899 ± 560 745 186 2 190     
Urine cannabinoid level (ng/ml)2         

Baseline 136 ± 401 159 31 162     
Day 28 12 ± 161 5 0 48     

 Baseline   Day 28   
 Cannabis users 

n=28 
Controls 

n=29 T P Cannabis users 
n=27 

Controls 
n=24 T P 

Verbal fluency         
Total Words 23.4 ± 4.2 25.9 ± 6.4 -1.7 0.088 24.2 ± 5.2 27.3 ± 6.2 -1.9 0.058 

Rating of IAPS pictures             
Valence 4.18 ± 0.5 4.32 ± 0.7 -0.9 0.351 4.37 ± 0.5 4.11 ± 0.5 1.6 0.107 
Arousal 3.47 ± 0.6 4.08 ± 1.4 -2.3 0.026 3.69 ± 0.6 4.10 ± 0.8 -1.9 0.065 

Cantab-MOT         
Response time (ms) 597.0 ± 114.5 569.9 ± 86.1  1.0 0.317 538.7 ± 45.4 525.9 ± 66.9 0.8 0.424 

Errors 12.5 ± 2.5 12.4 ± 2.6 0.1 0.908 12.4 ± 2.6 12.8 ± 2.5 -0.5 0.633 
Results are presented as mean ± standard deviation (SD). IAPS: International Affective Picture System. MOT: Motor Screening Test. 12 subjects 
were outliers; 2n=22. 
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