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1. Introduction
Marijuana (MJ) remains the most popular illicit drug among teens (Johnston et al., 2008).
Marijuana initiation typically begins in adolescence, as youths aged 12-17 constitute
approximately two thirds of the new MJ users (SAMHSA, 2004). Between 8th and 12th

grade, illicit drug use prevalence increases from 8% to 22% (Squeglia et al., 2009a),
highlighting the importance of understanding the impact of drug use during this age range.
The adolescent brain undergoes significant regressive structural changes, including synaptic
pruning of gray matter, in order to eliminate redundant or unnecessary neural connections
(Sowell et al., 2004a). In addition to synaptic pruning of cortical and sub-cortical structures,
the adolescent brain progressively increases its white matter fiber tract composition to
promote efficiency of neural conductivity (Huppi and Dubois, 2006; Jernigan and Gamst,
2005; Lopez-Larson et al., 2010; Pfefferbaum et al., 1994; Sowell et al., 2004b). The effects
of illicit drug exposure on adolescent brain development have not been fully described,
although several studies have found abnormalities in white matter, cerebral
electrophysiological functioning, neurotransmitters and brain metabolites (Bossong and
Niesink, 2010; Dolmatova and Ivanets, 1995; Ennett et al., 1997; Garcia-Sevilla et al., 1997;
Ozaita et al., 1998; Schweinsburg et al., 2008; Solowij et al., 1995; Squeglia et al., 2009b;
Yamanouchi et al., 1995).

The performance of a motor act is facilitated by a complex integration of neural systems
responsible for an array of cognitive processes, including planning, attention and execution.
The network of structures engaged in these processes is likewise complex and extends
throughout the brain, controlling everything from subtle to gross motor movements (Pillay et
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al., 2008). Cortical brain regions known to mediate motor function include Brodmann's area
(BA) 4 (primary motor cortex), BA6 (supplementary motor area), the anterior cingulate
(ACC), the parietal lobe, and the cerebellum (Jeannerod and Frak, 1999). Functional MRI
studies utilizing a finger-tapping paradigm also report activation in these cortical brain
regions (Bischoff-Grethe et al., 2004; Mostofsky et al., 2006; Rubia et al., 1999). For
example, in a study assessing motor abnormalities in children with ADHD, performance of a
sequential finger-tapping task revealed activation in the cerebellum, BA4 and BA6
(Mostofsky et al., 2006). In a similar subject group, Rubia et al. (1999) found activation in
the ACC, as well as activation of mesial frontal gyrus and inferior prefrontal cortex during
performance of a delay sequencing motor task. Using ROI analysis in a group of healthy
adults, Horenstein, Lowe, Koenig and Phillips (2009) found significant activation of primary
motor cortex (M1), primary sensory cortex (S1), dorsal premotor cortex (PMd), ventral
premotor cortex (PMv), supplementary motor area (SMA), superior parietal lobule (SPL)
(BA5/BA7), and inferior parietal lobule (IPL) (BA40) during completion of a complex
finger tapping task. To further examine the structural and functional connectivity of the
primary motor cortex, Guye and colleagues (2003) combined fMRI data of a finger-tapping
paradigm with DTI/ tractography and found BA4 had the highest “likelihood” of
connectivity to the pyramidal tracts, premotor areas, including BA6, parietal cortex,
thalamus, cingulate motor areas and the cerebellum. These findings are consistent with the
premise that the primary motor cortex (BA4) works in connection with the supplementary
motor area (BA6) to coordinate and execute motor movements (Shibasaki et al., 1993;
Shima and Tanji, 1998). Together with the cerebellum, BA6 is responsible for refining
movements based on sensory input (Halsband et al., 1994; Jueptner et al., 1997). The
cerebellum has also been shown to play a pivotal role in balance, psychomotor speed, visual
tracking and coordination (Miall et al., 2000; Miall et al., 2001; Morton and Bastian, 2004;
Moschner et al., 1999). The cingulate motor areas have dense connections to BA4 as well as
to BA6 (Morecraft and Van Hoesen, 1992; Wang et al., 2001), and are thought to play an
integral role in planning and executing bimanual motor movements Kermadi et al. (2000)
and in directing attention to task-relevant events (Wenderoth et al., 2005). Taken together,
the regions of the motor network work in concert to plan, coordinate, initiate, execute, and
fine tune a movement based on input from the environment. The interaction and contribution
of these cortical brain areas to motor movement affords the opportunity to study the effects
of MJ on a specific brain network believed to be impacted by MJ use, which in turn may
elucidate the altering effects of MJ on brain maturation.

The principal psychoactive component of marijuana, delta-9-tetrahydrocannabinol or THC,
affects the brain via the cannabinoid receptor (CB1). This receptor is present throughout
structures comprising the motor network, including striatal neurons of the basal ganglia, the
cingulate gyrus, the cerebellum and the primary and secondary motor cortices (Glass et al.,
1997; Herkenham, 1992; (Herkenham et al., 1990; Iversen, 2003; Mackie, 2008). The
cingulate and the cerebellum may be particularly vulnerable to the effects of THC on CB1
receptors given that both brain regions are thought to mature throughout adolescence and
early adulthood (Tamnes et al., 2010; Tiemeier et al., 2010). Furthermore, the negative
impact of acute MJ use on cognition and psychomotor functions such as balance,
psychomotor speed, visual tracking and coordination has been consistently reported (Liguori
et al., 2002; Messinis et al., 2006; Stoller et al., 1976; Weinstein et al., 2008). Functional
magnetic resonance imaging (fMRI) studies in adults, which utilized a motor paradigm,
have reported reduced activation in BA4, BA6 and CG in MJ users compared to healthy
controls (Pillay et al., 2008; Pillay et al., 2004). These activation differences were observed
after 4-36 hours (Pillay et al., 2004) and following extended washout of 28 days (Pillay et
al., 2008). While prior studies have not directly evaluated the impact of MJ use on the
cerebellum during motor tasks, a number of studies have produced findings that suggest a
vulnerability of this region to the effects of MJ (Mathew et al., 1998; Mathew et al., 2002;
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O'Leary et al., 2002; O'Leary et al., 2007; O'Leary et al., 2003; Volkow et al., 1996). For
example, an early study by Volkow et al. (1996) used positron emission tomography (PET)
to measure differences in glucose metabolism between 8 chronic marijuana abusers and 8
healthy controls at baseline and again during intoxication. At baseline, marijuana abusers
showed lower relative cerebellar metabolism than healthy controls. Following
administration of 2mg of MJ, researchers noted a relative increase in resting state cerebellar
metabolism. In contrast, findings from a study assessing the non-acute effects of MJ use
reported attenuated cerebellar activation during abstinence from MJ (Block et al., 2000).
Taken together these findings summarize current evidence indicating a significant effect for
MJ, both acute and non-acute, on regions critical to proper motor function and suggest that
long-term exposure to THC may exert significant changes to these key structures. This is of
particular concern in adolescent MJ users who may be at a heightened risk for these altering
effects of MJ during a critical stage of neurodevelopment.

At this time, there are no studies that have evaluated the impact of MJ use on the cortico-
cerebellar motor network and there are no studies that have examined the motor network in
adolescents utilizing a finger-tapping fMRI paradigm. Therefore, the aim of the current
study was to determine whether activation differences in key regions of the cortico-
cerebellar network could be detected in adolescent MJ smokers. Based on previous studies
we predicted BA4, BA6 and the ACC would show reduced activation. Furthermore, we
hypothesized that cerebellum activation would also be abnormal. We planned to explore the
association of age of onset of MJ use with cortico-cerebellar activation patterns in an
attempt to address the question of whether or not early-onset of MJ use has a greater
negative impact on motor circuit function. In order to test these hypotheses, we performed a
bilateral finger-tapping sequence on 24 currently using MJ smoking adolescents and 24 HC.

2. METHODS
2.1 Subjects

The Institutional Review Board at the University of Utah approved this study. All subjects
were recruited from the community via local advertisements and by word of mouth.
Inclusion criteria for all subjects in this analysis were: age 16-19 years old. Inclusion criteria
for MJ users included a self-report of heavy MJ use with at least 100 minimum smokes in
the previous year. Healthy controls had no DSM-IV Axis I diagnosis based on structured
and clinical interviews. Healthy controls had no first-degree family history of BPD,
psychosis or any other psychiatric family history. Family history was obtained by clinical
interview with participants and/or parents. Exclusion criteria for all subjects and HC were:
major sensorimotor handicaps (e.g., deafness, blindness, paralysis); full scale IQ <70 or
learning disabilities; history of claustrophobia, autism, schizophrenia, anorexia nervosa or
bulimia; other drug or alcohol dependence (during 2 months prior to scan or total past
history ≥12 months); active medical or neurological disease; history of ECT; metal
fragments or implants; and current pregnancy or lactation. All subjects provided written
assent, and their parents (or legal guardians) provided written informed consent for their
adolescent's participation. All adolescents, including HC, underwent a clinical and
diagnostic semi-structured interview by either a board-certified child psychiatrist (MLL) or a
licensed clinical psychologist (EM). Adolescents under the age of 18 were administered the
Kiddie Schedule for Affective Disorders and Schizophrenia for School-Age Children-
Present and Lifetime Episode (K-SADS-PL) (Kaufman et al., 1997b) with additional mood
onset and offset items derived from the WASH-U K-SADS (K-SADS-PL-W) (Geller et al.,
2001). The K-SADS-PL is a semi-structured interview used to assess psychiatric disorders
in children and adolescents. Since this instrument consists of the K-SADS-PL with
supplemental items based on the WASH-U-KADS, we will refer to this instrument as the K-
SADS-PL-W. For participants 18 and older, the Structured Clinical Interview for DSM-IV
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Patient Version (SCID-P) was used with the ADHD module from the K-SADS-PL-W
(Kaufman et al., 1997a). All diagnoses were confirmed via a consensus (DYT, MLL, EM).
Measures of current psychopathology were obtained using the Profile of Mood States
(POMS) (McNair et al., 1992), the Hamilton Depression Rating Scale (HAM-D) (Hamilton,
1960) and the Hamilton Anxiety Scale (HAM-A) (Hamilton, 1959). The DSM-IV-TR
Global Assessment of Functioning (GAF) (Endicott et al., 1976) was used to assess global
functioning with a scale from 1 (worst) to 100 (best). All participants underwent a drug
screen immediately prior to MRI scanning. Urine samples were subsequently analyzed to
obtain urinary cannabinoid levels. In addition, information regarding age of first MJ use, age
of regular use, and frequency of MJ use was obtained on all participants. Total lifetime MJ
use was calculated by averaging number of smoking episodes per week multiplied by
duration of use. Equality of groups on demographic and clinical variables was evaluated by
t-tests for continuous variables and chi-square tests for categorical variables. All data are
reported as means and standard deviations (SD) unless otherwise specified.

2.2 Data acquisition
Structural and functional imaging was performed at the Utah Center for Advanced Imaging
Research (UCAIR) using a 3T Siemens Trio scanner. Structural acquisitions include a T1-
weighted 3D MPRAGE grappa sequence acquired sagittally, with TE/TR/TI=3.38ms/2.0s/
1.1s, 8° flip, 256×256 acquisition matrix, 256 mm2 FOV, 160 slices, 1.0 mm slice thickness.
Each subject completed a standard bilateral fMRI finger tapping task during echo-planar
imaging. A blood oxygen level dependent (BOLD) echo planar imaging (EPI) sequence,
obtained axially, was used with a TR=2 seconds, TE=28 ms to central K-space, 64 × 64
matrix, parallel imaging with GRAPPA acceleration factor of 2, 40 slices at a thickness of 3
mm, FOV=220mm. The bilateral finger-tapping task was performed at the end of an
imaging protocol that included both structural neuroimaging and 2 additional fMRI
paradigms. Scanning blocks were 240 seconds in duration and each subject completed a
self-paced bilateral finger tapping task for 20 seconds alternating with 20 seconds of rest.
Participants completed 6 blocks of the finger tapping task and 6 blocks of rest. Participants
were instructed to tap their thumb with each finger sequentially and continuously when
prompted by the word “start” on the screen. The task was performed on both right and left
hands and at the same time. The bilateral thumb to finger tap was self-paced and monitored
via a camera to ensure participants were performing the task correctly. In addition,
participants performed the task prior to entering the MRI scanner to ensure they were able to
perform the task. The original imaging data were transferred from the scanner in the
DICOM format and anonymized.

2.3 fMRI post-processing
FMRI images were analyzed using SPM5 (Wellcome Department of Imaging Neuroscience,
University College, London, UK) running in Matlab (MathWorks, Natick, MA, USA).
Initially, blood oxygen level dependent (BOLD) fMRI data were corrected for motion in
SPM5 using an intra-run realignment algorithm that uses the first image as a reference. A
criterion of 2mm of head motion in any direction was used as an exclusionary criterion. The
realigned images were then normalized to an EPI template in Montreal Neurological
Institute (MNI) stereotactic space. Normalized images were re-sampled into 2 mm cubic
voxels and then spatially smoothed using an isotropic Gaussian kernel with 8mm full width
at half maximum (FWHM). Global scaling was not used, high-pass temporal filtering with a
cut-off of 128s was applied, and serial autocorrelations were modeled with an AR(1) model
in SPM5. Statistical parametric images were calculated individually for each subject and
each task, using a general linear model (Friston et al., 1995a; Friston et al., 1995b).
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We applied a region of interest approach as we had specific a priori hypotheses. Images
were subsequently entered into a second level model, subjected to a voxel-wise contrast and
t-test to assess statistical significance. The within-group analyses were done using one-
sample t-tests for the MJ and HC groups. Using the two-sample t-test, we made direct
comparisons between the heavy marijuana smokers and the non-marijuana smoking
controls. Region of interest (ROI) masks were created using the Wake Forest University
PickAtlas utility (Maldjian et al., 2003; 2004). These regions included the BA4, BA6,
cingulate gyrus and the cerebellum. The statistical threshold for the ROIs was set at p<0.05,
corrected, and k was set at 20 voxels. Finally, in order to determine the relationship between
MJ use and discrete patterns of activity during finger tapping, regression analyses were
completed between the BOLD signal data and the total number of smokes per week, age,
age of onset, lifetime MJ use and urinary cannabinoid level for the smokers (p<0.001 and
k=20). To examine whole brain analysis, the probability threshold was set at p<0.005,
corrected, and a minimum cluster extent (k) of 20 contiguous voxels.

3. RESULTS
3.1 Subject characteristics

We acquired data from 24 adolescents with heavy MJ use, ranging in age from 16 to 19
(mean 18.2 ± 0.7, 22 male, 2 female) and 24 non-MJ using healthy participants, ranging in
age from 16 to 22 (mean 18.0 ± 1.9, 17 male, 7 female). All participants were right-handed.
With the exception of the GAF, there were no significant differences between groups for
age, sex, clinical correlates (HAM-A or HAM-D). Marijuana users were found to have
higher verbal fluency scores than HC (MJ: 45.8 ± 9.6; HC: 37.5 ± 8.7; p = 0.03). All
participants were currently enrolled in either high school or college, or had recently
graduated high school with plans to attend college in the next 3 months. All participants
reported average to above average success in academic achievement. Study participants also
completed a psychomotor task, the Trail Making Test, as part of their clinical evaluation. MJ
smokers did not show reduced motor speed or psychomotor function on this task.

No participants had any other past/present psychiatric or drug dependence disorders;
however 2 MJ users also had a history of alcohol abuse that was less than 1 year in duration.
MJ users reported an average age at first use of 15.3 ± 1.4 years and an average age at
regular MJ use of 16 ± 1.0 years. The average frequency of MJ use was 10.3 ± 8.7 times/
week and the total lifetime MJ use was 1500.6 ± 283.5. Twenty MJ participants reported
their last MJ use was within 24 hours of MRI imaging. Three additional participants
reported using MJ within 48 hours and one participant reported using MJ greater than 48
hours prior to MRI imaging. In order to overcome the inherent difficulty in obtaining
accurate MJ use patterns, urine was collected on all MJ participants immediately prior to
MRI imaging and evaluated for cannabinoid levels. The average cannabinoid urine level
obtained on the day of MRI scanning was 408.1 ± 358.6ng/mL. For the MJ group, age of
first alcohol use was 15.30 ± 1.29 years. Average frequency of alcohol use per week for
these subjects was 0.87 ± 1.01. Additionally, 4 MJ participants meet criteria for current
alcohol abuse and 2 participants had a past history of alcohol dependence that occurred over
1.5 years prior to participation in the study. For the MJ group, 4 reported current nicotine
use (average duration: 1.31± 3.07 months) and 4 endorsed having a history of nicotine use
(average duration: 1.47 ± 4.69 months). Demographic and clinical characteristics of the
participants, including MJ use, are shown in Table 1.

3.2 Whole-brain within group and between group analyses
Within group analysis of a standard bilateral finger-tapping task produced significant
bilateral BOLD activation throughout various parts of the motor network, including BA4,
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BA6, cingulate, and cerebellum (See Figs. 1 and 2 and Table 2) in both HC and MJ users.
Whole-brain between group analyses revealed significantly greater activation in the right
cingulate gyrus (Tmax=4.44, k=541, p=0.005, corrected; Talairach coordinates: [-23, -27,
29]) for HC subjects compared to MJ smokers. Further, MJ smokers had a small region of
increased activation in the right middle occipital gyrus compared to HC, but this difference
only trended toward significance (Tmax= 4.45, k=184, p=0.01, uncorrected; Talairach
coordinates: [35, -87, 16]).

3.3 Region of interest analyses
To test the study hypotheses, region of interest analyses were performed on a priori regions
of interest (ROI), including the cerebellum, BA4, BA6, and cingulate. Compared to MJ
users, HC subjects had significantly greater activation in the cingulate gyrus (Tmax = 4.79,
k=238, p=0.05, corrected; Talairach coordinates: [8, 1, 40]) and cerebellum activation
(Tmax=3.53, k=2702, p=0.002, corrected; Talairach coordinates: [-7, -60, -14]) (See Figs. 3
and 4). Further ROI analysis of the anterior and posterior lobes of the cerebellum found
reduced activation in MJ users in the anterior lobe (Tmax =3.45, k=1207, p=0.034,
corrected; Talairach coordinates [18, -57, -21]) and a trend toward reduced activation for MJ
users in the posterior lobe (Tmax=3.53, k=958, p=0.011, uncorrected; Talairach coordinates
[-7, -60, -14]). While small activation differences were noted between HC and MJ smokers
in BA4 and BA6, these differences were not statistically significant. Marijuana smokers
showed no increased activation for any ROI when compared to HC.

3.4 Regression analyses with marijuana clinical variables
Whole brain and ROI regression analyses were performed to identify possible relationships
between brain activation in the cerebellum and cingulate gyrus and indices of MJ use in the
adolescent MJ group only. A significant negative regression was observed on both whole-
brain (Tmax=7.96, k=532, p<0.001, corrected; Talairach coordinates: [-11, -2, 30]) and ROI
(Tmax=7.96, k=296, p<0.001, corrected; Talairach coordinates [-11, -2, 30]) regression
analysis for lifetime MJ use and brain activation in the cingulate gyrus (See Figure 5).
Cerebellar ROI regression analysis also found a significant negative regression between total
lifetime MJ use and activation in the cerebellum (Tmax = 4.72, k=51, p=0.04, uncorrected
and p=0.08, corrected; Talairach coordinates: [18, -57, -23]). There were no other significant
findings for age of onset of use or current urinary THC level for any region.

4. DISCUSSION
This is one of the first studies to evaluate regional differences in cortico-cerebellar circuits
in a group of older adolescents with heavy MJ use utilizing a bilateral finger tapping fMRI
task. We found reduced cingulate and cerebellar activation in adolescents with heavy MJ use
compared to HC. No activation differences were observed between groups for BA4 or BA6.
Both the cerebellum and cingulate activations were found to be negatively correlated with
total lifetime MJ use. No correlations were found with age of onset of use or current urinary
THC level for any region.

Our results are consistent with prior adult studies of motor function that found reduced
cingulate activation in subjects with heavy MJ use. For example, Pillay and colleagues
evaluated 9 MJ adult users, abstinent from MJ for 4-36 hours, and 16 HC on a 1.5T scanner
utilizing a bilateral finger sequencing task and found significantly reduced activation in the
cingulate (2004). Similar to the current study, the authors did not find significant activation
differences for BA4, but in contrast the authors did find reduced activation in BA6 (Pillay et
al., 2004). In a follow-up study by the same authors, 11 adult MJ smokers and 16 HC were
examined utilizing a right and left finger-sequencing task. The authors compared fMRI data
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after 0, 7 and 28 days of abstinence. The authors found ipsilaterally diminished cingulate
activation on Day 0, and contralaterally diminished cingulate activation on Day 0 and Day
28. For right-handed finger tapping, the authors found contralaterally diminished cingulate
activation on Days 0, 7, and 28; and ipsilaterally diminished BA6 activation on Days 0, 7,
and 28 (Pillay et al., 2008). Interestingly, we did not replicate the BA6 findings from Pillay
(2004, 2008). The differences in findings in the studies by Pillay and colleagues as
compared to the current study may be related to differences in the finger-tapping paradigm,
image resolution associated with scanner strength (1.5T versus 3T), and the much older
average participant's age (mean age = 37.3± 6.7 versus 18.2 ± 0.7). Additional differences
between the current study and the two prior study samples include longer duration of use (>
21 years vs 2 years), larger number of total lifetime use (>16,700 times vs 1500 times) and
higher rates of comorbid alcohol use and other substances of abuse.

To date, no other studies have directly assessed the effect of MJ on cerebellar activation and
cortical brain regions within the motor network in adolescents utilizing a finger-tapping
fMRI paradigm. Our findings of reduced cerebellar activation in adolescents with heavy MJ
use are consistent with current literature regarding the vulnerability of the cerebellum to MJ.
For example, a number of studies have found abnormal activation patterns in the cerebellum
in acute (Mathew et al., 1998; Mathew et al., 2002; O'Leary et al., 2002; O'Leary et al.,
2007; O'Leary et al., 2003; Volkow et al., 1996) and non-acute MJ administration (Block et
al., 2000; Chang et al., 2006). Additionally, two studies reported increased bilateral resting
state cerebellar blood flow (as measured by H2 

15O-PET) in marijuana users following
administration of THC (Mathew et al., 1998; Mathew et al., 2002). A series of more recent
H2 

15O-PET studies using a dichotic listening task and a self-paced counting task found
increased acute cerebellar activation in MJ users when compared either to non-using
controls or less frequently-using MJ users following a 20mg administration of THC
(O'Leary et al., 2002; O'Leary et al., 2007; O'Leary et al., 2003). An fMRI study by Chang et
al. (2006) compared activation patterns during a set of visual attention tasks in a group of 24
chronic marijuana users (12 abstinent and 12 active) and 19 well-matched control subjects.
Chang and colleagues found that active marijuana users with positive urine tests for THC
showed greater activation in the frontal and medial cerebellar regions than abstinent
marijuana users.

Alterations of the cerebellum have also been reported in recent morphometric studies in
adolescents with chronic MJ use (Jarvis et al., 2008; Medina et al., 2010). Jarvis and
colleagues reported increased gray matter vermis volumes in adolescents with comorbid
bipolar disorder and MJ use compared to bipolar alone (2008). Medina and colleagues
further reported larger posterior vermis volumes in a group of adolescent, chronic MJ users
who were scanned following 1 month of abstinence (2010). The larger vermal volumes in
this study were associated with poorer executive functioning (Medina et al., 2010).
Cognitive deficits including slower psychomotor processing speed, attentional deficits and
executive dysfunction have been found in other studies of heavy MJ use in adolescents and
adults (Bolla et al., 2002; Bolla et al., 2005; Lyons et al., 2004; Medina et al., 2007; Pope et
al., 2003; Roser et al., 2009; Whitlow et al., 2004). Given the extensive connectivity of the
cerebellum, changes in this region could impact a wide variety of brain functions. The
cerebellum has been found to have reciprocal projections to cortical brain regions such as
the prefrontal, parietal, temporal and limbic cortices via the thalamus. In turn, these same
cortical brain regions send information back to the cerebellum via the pons (Schmahmann,
2010). These projections are arranged topographically in the pons and include not only
motor information but also multimodal information relating to attention, executive function,
language and emotion (Schmahmann, 1996, 2010; Schmahmann and Pandya, 1997).
Therefore, the motor and cognitive dysfunction seen in individuals with heavy MJ use may
be related to the reciprocal nature of the cortico-cerebellar circuits. Chronic MJ use is
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thought to lead to CB1 receptor desensitization and down-regulation (Gonzalez et al., 2005).
This down-regulation or desensitization may impact the inhibitory connections of the
Purkinje cells, the output neurons of the cerebellar cortex, to the deep cerebellar nuclei,
which have an excitatory pathway through the thalamus to the motor cortex (Allen and
Tsukahara, 1974) and other cortical areas, thus leading to impairments in several domains of
functioning.

Data regarding structural MRI changes in the cingulate and frontal areas associated with
motor functions are limited. One preliminary DTI study of lighter smoking MJ users found
no differences on measures of white matter integrity between users and HC (Delisi et al.,
2006), while another pilot study of ten MJ users found trends toward decreased white matter
integrity in users compared to HC (Gruber and Yurgelun-Todd, 2005). Findings from the
latter study also utilized fMRI to measure brain activation for MJ users and HC, and found
significant activation differences in key brain regions such as the ACC and dorsolateral
prefrontal cortex despite demonstrating similar behavioral performance (Gruber and
Yurgelun-Todd 2005). This is consistent with a recent study from Padula, Schweinsburg and
Tapert (2007), who found different brain activation patterns in abstinent adolescent
marijuana users compared to controls during performance of a spatial working memory task.
Although groups did not differ on behavioral measures of task performance, marijuana users
showed significantly more activation in left ACC as well as left and middle temporal gyri. In
a PET study in abstinent marijuana users utilizing a modified version of the Stroop task,
Eldreth and colleagues found hypoactivity of the left perigenual ACC and the lateral
prefrontal cortex and hyperactivity of the hippocampus bilaterally in the marijuana group
compared to healthy controls (Eldreth et al., 2004). Again, these activation differences were
observed despite similarities in task performance. The ACC is a region thought to be critical
to error processing, and a diminished ability to detect errors has been associated with clinical
symptoms including loss of insight, delusions and perseverative behavior. In order to
observe associations between brain activation and task performance and error awareness,
Hester, Nestor and Garavan (2009) administered a Go/No-go response inhibition task to 16
MJ users (mean age: 24.6 ± 1.5) and 16 matched controls (mean age: 25.2 ± 1.3). Despite a
lack of differences between users and HC on inhibitory control performance, MJ users
showed a significant deficit in awareness of commission errors. This diminished capacity for
behavior monitoring was associated with hypoactivity in the ACC and right insula.
Additionally, increased levels of hypoactivity in both the ACC and right insula were
significantly correlated with error-awareness rates in the MJ group but not in controls.
Together these findings suggest that MJ may exert modulatory effects on brain systems
responsible for the execution of cognitive tasks (Roberts and Garavan, 2010). However,
these activation differences are not limited to cognitive or psychomotor tasks. Functional
MRI abnormalities in the cingulate of MJ users have also been observed during tasks of
emotion processing (Fusar-Poli et al., 2009). In summary, previous findings highlight the
central role for the ACC in cognitive performance, response regulation and behavioral
awareness. They further indicate that MJ use may lead to alterations in ACC functional
neural networks.

There is growing evidence that age of onset of MJ use is a critical variable in understanding
the effects of MJ on structural, functional and neurocognitive measures. Previous studies
have found that MJ users with an age of onset prior to 16 or 17 years of age have more
deficits in cognitive and emotional processes than users with a later onset of use. For
example, early-onset MJ use appears to be related to a permanent deficit in visual scanning
ability (Ehrenreich et al., 1999; Huestegge et al., 2002), verbal working memory (Becker et
al., 2010), and verbal IQ (Pope 2003). Other research has shown that individuals who use
MJ before age 18 are more likely to develop substance abuse or dependence than are those
who use MJ when they are 18 or older (von Sydow et al., 2001). Wilson and colleagues
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(2000) reported smaller whole brain volumes and abnormal gray and white matter content in
adolescents with an onset of use prior to age 17 compared to adolescents who began using
later. Furthermore, earlier onset of MJ use may result in atypical cortical gray matter
development and abnormal gyrification patterns than later onset use (Lopez-Larson et al.,
2011; Mata et al., 2010). These studies demonstrate that an early age of onset of MJ use may
have long-term effects on brain development. Although we did not detect an association
between activation patterns in cingulate or cerebellar regions with age of onset of MJ use,
we did find that cerebellum and cingulate activation was negatively correlated with total
lifetime MJ use. Total lifetime MJ use was calculated by averaging the number of smokes
per week multiplied by duration of use, which suggests that both early age of onset
(duration) and severity of use are important contributors to the negative sequelae of MJ use.
Furthermore, our findings suggest that the cingulate and the cerebellum maybe particularly
sensitive to the effects of THC on CB1 receptors given that both brain regions are thought to
mature throughout adolescence and early adulthood (Lebel et al., 2008; Tamnes et al., 2010;
Tiemeier et al., 2010). In adolescent rats, developmental differences in the expression and
function of the CB1 cannabinoid receptor have also been found in limbic/association areas
such as the cingulate but not in sensorimotor cortical areas (Heng et al., 2010). Furthermore,
in a study by Wallace and colleagues, the cerebellum was noted to have less heritability than
other brain regions which may confer an increased risk from environmental exposures such
as cannabinoids (2006).

Our current findings should be interpreted with care given the modest sample size, cross-
sectional nature of the study and the inclusion of youths who were currently using MJ, with
presumably different usage patterns. Furthermore, we utilized verbal fluency as an estimate
of IQ. Prior studies have found modest to moderate correlations between verbal fluency and
estimates of intelligence (Strauss et al., 2006). Interestingly, our MJ subjects had higher
verbal fluency scores than non-using control participants. If intellectual function were
influencing our results, we would expect that our group differences would be less robust
than if the groups were matched for verbal fluency. Strengths of this study include the
narrow age range of the adolescents and the rigorous clinical assessment of study subjects
resulting in the inclusion of adolescents with limited comorbid substance abuse disorders
and free of psychiatric comorbidity or history of psychotropic medication use.

Our findings suggest that heavy MJ use appears to have an impact on functioning in key
regions of the cingulo-cerebellar circuits of the developing brain. Further connectivity
analyses (dynamic causal modeling) are currently being performed to examine whether
heavy MJ use leads to abnormalities within the motor network or independently impacts
cingulate and cerebellar brain regions. These brain regions have high levels of cannabinoid
receptors and alterations of these receptors during development may alter brain
developmental trajectories. In adolescents, the cerebellum and the cognitive/attentional
component of the motor network (cingulate) appear to be significantly affected in heavy MJ
use, which may lead to impairments in motor function, cognition and mood. The greater the
lifetime severity of MJ use the more impaired the activation patterns of the cingulo-
cerebellar nodes of the motor network were (at least acutely). Further study of the clinical
and neuroanatomical correlates of cingulo-cerebellar motor function in MJ using adolescents
is needed.
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Figure 1.
Whole Brain Within-Group fMRI Results for Bilateral Finger Tapping Paradigm Showing
Increased Activation in Brodmann Areas 4 and 6 for HC (Figure 1a) and Marijuana Users
(Figure 1b). The color red and green indicates Brodmann Area 4 and 6, respectively.
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Figure 2.
Whole Brain Within-Group fMRI Results for Bilateral Finger Tapping Paradigm Showing
Increased Activation in the Motor Cortex and the Cerebellum for HC and Marijuana Users.
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Figure 3.
Between-Group Region of Interest Analysis of Finger Tapping Results Showing Greater
Activation of the Cingulate Gyrus in Healthy Controls Compared to Marijuana Smokers
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Figure 4.
Between-Group Region of Interest Analysis of Finger Tapping Results Showing Greater
Activation of the Cerebellum in Healthy Controls Compared to Marijuana Smokers
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Figure 5.
Region of Interest Regression Analysis Showing Negative Regression of Lifetime MJ Use
and Cingulate Activation
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Table 1

Demographic and Clinical Description of Subject Sample

MJ Users (n=24) Controls (n=24)

Age (years; mean, SD) 18.2 ± 0.7 18.0 ± 1.9

Sex 22 male/2 female 17 male/7 female

Handedness 24 right handed 24 right handed

Age at first MJ use (years; mean, SD) 15.3 ± 1.4 --

Age at regular MJ use (years; mean, SD) 16.0 ± 1.0 --

Frequency of MJ use/week (mean, SD) 10.3 ± 8.7 --

Total lifetime MJ use
*
 (mean, SD)

1500.6 ± 283.5 --

Urinary THC level (ng/mL) (mean, SD) 408.1 ± 358.6 --

GAF (mean, SD)
84.7 ± 5.4

** 91.7 ± 2.4

HAM-D (mean, SD) 0.9 ± 1.7 1.0 ± 1.6

HAM-A (mean, SD) 1.5 ± 2.4 1.5 ± 1.8

Trail making A (sec) (mean, SD) 12.4 ± 6.9 13.8 ± 6.2

Trail making B (sec) (mean, SD) 20.3 ± 6.0 21.8 ± 7.4

Trail making B-A (sec) (mean, SD) 7.9 ± 6.5 8.6 ± 6.8

*
Total lifetime MJ use = Average number of smokes per week multiplied by duration of use

**
Significant at p<0.05; GAF = Global Assessment of Functioning; HAM-D = Hamilton Rating Scale for Depression; HAM-A = Hamilton Rating

Scale for Anxiety
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