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Abstract

Converging lines of evidence suggest an adverse effect of heavy cannabis use on adolescent brain
development, particularly on the hippocampus. In this preliminary study, we compared
hippocampal morphology in 14 “treatment-seeking” adolescents (aged 18-20) with a history of
prior heavy-cannabis use (5.8 joints/day) after an average of 6.7 months of drug abstinence, and 14
demographically matched normal controls. Participants underwent a high-resolution 3D MRI as
well as cognitive testing including the California Verbal Learning Test (CVLT). Heavy-cannabis
users showed significantly smaller volumes of the right (p< .04) and left (p< .02) hippocampus,
but no significant differences in the amygdala region compared to controls. In controls, larger
hippocampus volumes were observed to be significantly correlated with higher CVLT verbal
learning and memory scores, but these relationships were not observed in cannabis users. In
cannabis users, a smaller right hippocampus volume was correlated with a higher amount of
cannabis use (r= - .57, p< .03). These data support a hypothesis that heavy-cannabis use may have
an adverse effect on hippocampus development. These findings, after an average 6.7 month of
supervised abstinence, lend support to a theory that cannabis use may impart long-term structural
and functional damage. Alternatively, the observed hippocampal volumetric abnormalities may
represent a risk factor for cannabis dependence. These data have potential significance for
understanding the observed relationship between early cannabis exposure during adolescence and
subsequent development of adult psychopathology reported in the literature for schizophrenia and
related psychotic disorders.
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1. Introduction

Adolescence is a period of increased risk-taking and thrill-seeking, often including drug
abuse (Ernst et al., 2006; Casey et al., 2008; Steinberg, 2008; Somerville et al., 2010).
According to the 2007 National Survey on Drug Use and Health (NSDUH, United States
Department of Health and Human Services) young people show higher rates of drug use as
compared with older age groups. U.S. school survey data (Johnston et al., 2008) shows that
15% of 8th graders have tried marijuana at least once and 43% have tried marijuana by 12th
grade. Another national survey also reported a history of cannabis use in approximately 45%
of 12th graders in the U.S., with 5% reporting current daily use (Terry-McElrath et al.,
2005). Further, other studies support the hypothesis that adolescent cannabis use is a
gateway to illicit drug use in early adulthood (Fergusson et al., 2006; Luengo et al., 2008).

Adolescence is a period during which the brain undergoes dramatic developmental changes.
Maturation of the human brain is a complex and comprehensive process, with critical
changes occurring at key points throughout development. Contrary to the once-held belief
that the brain completes its development by the end of the childhood years (Kretschmann et
al., 1986; Durston et al., 2001), the brain continues to undergo a substantial amount of
development throughout adolescence and into early adulthood. Gray matter in the cerebral
cortex shows a characteristic “rise and fall” pattern (Geidd et al., 1999; Sowell et al., 2001;
Gogtay et al., 2004; Thompson et al., 2005; Hua et al., 2009), while white matter connecting
gray matter areas increases steadily from birth to adulthood (Paus et al., 1999; De Bellis et
al., 2001; Schmithorst et al., 2002; Suzuki et al., 2003; Nagy et al., 2004; Barnea-Goraly et
al., 2005; Schmithorst et al., 2008; Olson et al., 2009). In a previous study conducted by our
group, we compared normal brain development in a group of early adolescents (average age
12 years) as compared with a group of late adolescents (average age 18 years old) and
demonstrated accelerated brain development during late adolescence (Ashtari et al., 2007).
Results from these studies suggest that in addition to birth and early childhood, adolescence
is a key period for neuronal maturation and a critical time for brain development.

In addition to the overall normal brain development, other important processes occur during
adolescence such as neurogenesis (the birth of new neurons) in the hippocampus (Benes et
al., 1989). Similar processes have been studied in animals and studies report neurogenesis in
the dentate gyrus of the hippocampus throughout the lifetime of the animal (Eriksson et al.,
1998; Ciaroni et al., 1999; Eisch et al., 2000). In a recent study, Eisch and colleagues (2008)
present evidence that adult hippocampal neurogenesis is strongly implicated in psychiatric
disorders, particularly addiction. This data suggests that neurogenesis is regulated by drugs
of abuse (Eisch et al., 2000; Abrous et al., 2002; Nixon and Crews, 2002; Noonan et al.,
2008) and that the hippocampus influences both drug taking and drug-seeking behaviors
(Taepavarapruk et al., 2000; Floresco et al., 2001; Lodge and Grace, 2006). While much is
still being learned about the precise role of the hippocampus in cognitive function, it is
generally accepted that this region includes “a system of anatomically related structures that
are essential for memory functions” (Squire et al., 2004). Thus, chronic administration of
drugs of abuse such as cannabis may decrease hippocampal function and in particular may
affect memory performance.

The neurocognitive effects of cannabis use in adults include poor performance on tests of
learning, memory, and executive functions (Varma et al., 1988; Pope et al., 1996; 1997;
Croft et al., 2001; Bolla et al., 2002; Solowij et al., 2002; Lyons et al., 2004; Bava and
Tapert, 2010) when compared to matched controls. Despite the prevalence of marijuana use
in adolescence, few reports have focused on the neurocognitive impact of heavy cannabis
use during this time. An earlier study by Schwartz and colleagues studied adolescents ages
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14-16 with cannabis dependence and found verbal and non-verbal short-term memory
impairments as compared to controls (Schwartz, 1989).

Tapert et al (2002), in an eight year follow up longitudinal study, examined adolescents with
a history of substance use disorders and showed accumulative, diminished performance over
time on tests of cognitive performance among cannabis users. Harvey and colleagues (2007)
found that adolescents who are regular cannabis users performed worse on tests of attention,
learning, and memory and that a greater amount of cannabis use predicted poorer executive
functioning and performance on tests of working memory. Schweinsburg et al (2005)
showed abnormalities in brain response using fMRI during a spatial working memory task
after 1 month of abstinence for a group of adolescent cannabis users as compared with
controls. They observed different patterns of activation in cannabis users when performing
the task and attributed these differences to a compensatory brain mechanism or persisting
brain abnormalities associated with heavy cannabis use during adolescence (Schweinsburg
et al., 2008a). These and other studies (Freedland et al., 2002; Iversen, 2003; Pontieri et al.,
1999; Quickfall and Crockford, 2006) show that the brain regions such as the frontal lobe,
hippocampus, amygdala, basal ganglia and striatum, which are rich in cannabinoid
receptors, are more susceptible to the effects of cannabis.

The neurological effects of cannabis are largely mediated by the binding of its active
ingredient, delta9-tetrahydrocannabinol (9-THC), to cannabinoid receptors (Matsuda et al.,
1990; Munro et al., 1993; Martin, 1995; Puighermannal et al., 2009) localized in the various
brain regions. Cannabinoids appear particularly neurotoxic to hippocampal neurons (Chan et
al., 1998; Hoffman and Lupica, 2000; Kim and Thayer, 2001; Carlson et al., 2002). Short-
term memory dysfunction from cannabis could occur because THC may alter the way in
which information is processed by the hippocampus. Laboratory rats treated with THC
display the same reduced ability to perform tasks requiring short-term memory as other rats
whose hippocampal neurons were destroyed (Heyser et al., 1993). A recent study by Rubino
et al (2009) employed an animal model of adolescent rats with chronic exposure to THC to
examine the long-term effects of THC on learning and memory. Adolescent rats were
treated with THC or its vehicle from 35 to 45 postnatal days (PND) and left undisturbed
until adulthood (75 PND), at which point spatial memory was assessed using the radial maze
task. THC pre-exposed animals exhibited worse performance than vehicles, suggesting a
specific deficit in spatial working memory (Rubino et al., 2009). Post-mortem analysis of
pre-exposed rats revealed a significantly lower overall total dendritic length and spine
density than vehicles. The authors suggested that THC pre-exposed rats may establish fewer
synaptic contacts and/or less efficient synaptic connections throughout the hippocampus and
concluded that this may represent the molecular underpinnings of the cognitive deficit
induced by adolescent THC exposure (Rubino et al., 2009). The main conclusion of this
work was that chronic and heavy exposure to THC during adolescence produced
impairments in spatial working memory in adult animals along with reduced levels of
markers of neuroplasticity in the hippocampus and morphological alterations in the dentate
gyrus (Rubino et al., 2009).

The present cross-sectional study was designed to examine the human hippocampus, an area
of the brain rich in cannabis receptors which also undergoes neurogenesis during
adolescence, in a group of adolescents with a history of heavy cannabis use and
demographically matched healthy controls. 3D high-resolution MR imaging was performed
to evaluate volume differences in the hippocampus and amygdala structures. Although
studies reporting the effect of cannabis on amygdala structure are scarce, based on the
findings reported by Yiicel et al (2008) and the fact that the amygdala is also rich in
cannabinoid receptors, we also evaluated amygdala volume. Since cognitive impairment is
one of the most prominent negative consequences associated with cannabis consumption
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(Fried et al., 2002; Grant et al., 2003; Pope et al., 2003; Jacobsen et al., 2004; Solowij et al.,

2008; Battisti et al., 2010), we evaluated all subjects utilizing the California Verbal Learning
Test (CVLT) to further study the chronic effect of heavy cannabis use on brain structure and
cognition.

2. Materials and Method
2.1 Study Subjects

Fourteen treatment-seeking male adolescents (mean age = 19.3; SD = 0.8) who claimed
cannabis as their drug of choice and met DSM-1V diagnostic criteria for cannabis
dependence, in early full remission (American Psychiatric Association, 1994) were recruited
from a therapeutic community (Aurora Concept Inc., Queens, NY). Each reported smoking
three or more “joints” per day for at least one year prior to commencement of treatment
(mean = 5.8 joints per day; SD = 2.1) and were drug-free for at least 30 days and an average
of 6.7 months (see Table 1) prior to the time of the MRI. The exact amount of THC in each
joint consumed by each subject is hard to accurately quantify (Gray et al, 2009). However,
0.5 grams/joint and 4 joints/blunt are the estimates reported by our study participants.
Published reports estimate an average of 0.4-0.5 grams/joint, although the exact estimate
varies among countries (European Commission, 2009; Gray et al., 2009).

Since these subjects were housed in a controlled environment, toxicology tests were
administered on a regular and random basis for the duration of their stay at the facility.
Participants in this study were required to have a negative toxicology test on the day of MRI.
Similar to previous reports (Solowij et al., 2002) cannabis users were excluded if they
reported a history of dependence on any drug besides cannabis or nicotine, or if they had a
history of any psychotic disorder, bipolar disorder, or major depressive episode. Fourteen
healthy male comparison subjects (mean age = 18.5; SD = 1.4) were recruited from a nearby
adolescent medicine clinic, from responses to fliers that were placed in the community and
by word of mouth. These subjects were recruited from geographic areas similar to cannabis
users in terms of demographic and socioeconomic makeup. Controls were excluded if they
had any current or past DSMIV diagnosis, a history of psychological counseling or reported
a history of more than 5 lifetime exposures to any illicit drug, tobacco, or alcohol.
Additional exclusion criteria for all subjects included mental retardation (as evidenced by
intelligence test scores or DSM-1V diagnosis), known neurological illness, a history of head
injury with loss of consciousness for more than 30 seconds, any focal findings revealed by
routine clinical scan at the time of research MRI, or current use of psychotropic medications.

2.2 Study Procedures

After providing a complete description of the study, written informed consent (and when
necessary, parental consent and child assent) was obtained from all subjects. Procedures
were approved by the Institutions Review Board. All adolescents were interviewed by a
research psychologist or trained psychometrician under the supervision of a board-certified
child and adolescent psychiatrist using the Schedule for Affective Disorders and
Schizophrenia for School-Age Children (K-SADS) (Kaufman et al., 1997). Since this study
was an extension of existing studies in childhood and adolescent psychiatric patients, the K-
SADS (designed for individuals 18 years and younger) was used in order to provide
consistency in defining disorders and characterizing illness across samples. Additionally,
consent was obtained from cannabis users to review the in-patient rehabilitation charts in
order to collect more detailed information about history of drug use and psychological
functioning and to corroborate self-reports gathered during the clinical interview.
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2.2.1 Magnetic Resonance Imaging—MRI scans were conducted at the Long Island
Jewish Medical Center on a 1.5T GE Neuro Vascular Interactive (NV/i) system. This unit
was equipped with a high strength (50 mT/m) and high-speed gradient system (Slew Rate =
150 T/m/sec). All scans were carried out by a single operator and monitored to be free of
artifacts at the time of acquisition. In addition to the routine clinical protocol to rule out
incidental pathological findings, a 3D spoiled gradient-echo (SPGR) sequence with
inversion preparation pulse (IR-Prep) (TR = 10.1 ms, TE = 4.2 ms; bandwidth = 21 kHz,
matrix size = 256x192, FOV = 22x22 cm?, inversion time = 600 ms, NEX = 1) was
performed. This sequence generated 124 coronal slices, 1.5 mm in thickness that
continuously covered the whole brain in 7:44 minutes.

2.2.2 Image Processing—We used a semi-automated brain processing pipeline to
maximize reliability. Our pipeline consisted of, first, semi-automated brain extraction;
second, automated group template estimation; and finally, a semi-automated extraction of
the hippocampus and amygdala based on established anatomical criteria. Brain Extraction:
We performed initial skull stripping with Brain Extraction Tool (BET) software (Smith,
2002). Subsequently, we manually edited each subject's BET extraction to include brain
parenchyma and remove residual tissues such as eye sockets and exterior brain areas such as
the neck and scalp area. Two raters visually assessed these results in three dimensions using
the ITK-SNAP interactive segmentation tool. Group Template Estimation: We used the
well-evaluated (Klein et al., 2009; 2010) Advanced Normalization Tools (ANTS,
http://www.picsl.upenn.edu/ANTS/) (Avants et al., 2008) for diffeomorphic image
registration to estimate an unbiased group template from the brain extracted dataset (Avants
et al., 2010). This toolkit is used in related pediatric studies to automatically determine
significant patterns of statistical difference in both the cortex (Hanson et al., 2010a) and
hippocampus (Rao et al., 2010). In this study, we used the template to perform a second
round of semi-automatic image registrations based on user-guidance. That is, we labeled the
group template and the subject data to further improve normalization accuracy specifically
within the hippocampus-amygdala region. Hippocampus and Amygdala Delineation
Criteria: The hippocampus and amygdala complex were delineated using ITK-SNAP
(Yushkevich et al., 2006; www.itksnap.org) by a trained rater (MA) (Ashtari et al., 1991;
Ashtari et al., 1999; Bogerts et al., 1993, Bogerts et al., 1990a,b) using the 1 mm isotropic
group brain atlas constructed by Advanced Normalization Tools (ANTS) from the 3D SPGR
images of the study participants. Measurements of the hippocampal formation included all
CA segments (CAL, CA2, CAS3, and CA4), the dentate gyrus, the alveus, and the subicular
region. Neuroanatomical boundaries were primarily based on criteria from postmortem
histological work (Bogerts et al., 1985; Falkai and Bogerts, 1986) and prior published
studies (Ashtari et al., 1991; 1999). However, owing to the clarity of the atlas, the most
posterior section of the hippocampus was defined as the slice where the fornix was not
interrupted by the pulvinar and clearly observed as one piece. Medially, hippocampal
boundaries were clearly demarcated. The anterior delineation of hippocampal border is the
most challenging part of identifying the hippocampus consistently. The operator used the
neuroanatomical information available in each orthogonal plane and indexed between
previous and next slices to facilitate measurement of complex regions to distinguish them
from surrounding structures. The temporal horns and alveus landmarks were used to
anteriorly differentiate the hippocampal head (pes hippocampus) from the amygdala. The
amygdala was extracted posteriorly where the amygdala structure appeared between the
temporal horn and choroidal fissure and carefully differentiated superiorly from the tail of
the caudate and inferior portion of the putamen, superolaterally from the claustrum.
Medially, the amygdala appears as an ovoid gray matter structure surrounded by the
temporal horn inferiorly and choroidal fissure superiorly. Anteriorly, amygdala extraction
terminated where the amygdaloid complex lost its typical oval shape. To ensure consistent
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delineation, structures were measured by one operator (MA), who is an experienced medial
temporal morphometrist in both young and old subject populations, with established high
intra-rater reliability (intraclass correlation (ICC) range from .85 to .95) (Ashtari et al., 1991;
Bogerts et al., 1993; Barr et al., 1997; Ashtari et al., 1999). Semi-automatic Hippocampus/
Amygdala Extraction in Subject Space: The above delineation criteria and the atlas
constructed using the symmetric diffeomorphic image registration (Avants and Gee, 2004;
Avants et al., 2006; 2007) were used to extract the medial temporal structures (Figure 1). To
extract these structures in the subject space, a well-defined template-based landmarking
protocol that requires only six landmarks per hippocampus and four per amygdala (placed
on only three slices of the individual brain) was used to manually landmark the
hippocampus/amygdala in each subject. This protocol is outlined in Pluta et al (2009) and is
easily modified for specific applications. In the case of medial temporal lobe structures, the
protocol takes approximately one minute per hippocampus/amygdala complex by leveraging
the interface available in ITK-SNAP for landmark placement. A key benefit of this approach
is that the landmarks enable the image registration to avoid local minima and guide the
alignment of the hippocampus/amygdala complex specifically within areas that are
challenging to match, for example, the boundary between the head of the hippocampus and
the amygdala. While these landmarks provide overall robustness, fine structural alignment is
guided by a combination of image and landmark features, thus allowing the original image
information to refine the mapping once the landmarks are approximately aligned. This
reliable image registration algorithm, which has been shown to perform similar to an expert
user (Pluta et al., 2009), was then used to map the template extracted medial temporal
structures to each individual's brain, thereby labeling the hippocampus and amygdala
regions of interest (ROI) with separate values. The automated extraction of the hippocampus
and amygdala structures for each subject was carefully examined and edited based on the
above mentioned delineation criteria. The volume of the right and left hippocampus and
amygdala for each individual subject were calculated using ITK-SNAP.

2.2.3 Neurocognitive Evaluation—All subjects underwent a battery of neurocognitive
tests; details regarding the tests and testing procedures can be found elsewhere (Rhinewine
et al., 2005). Of relevance to this study, the Wechsler Adult Intelligence Scale-Third Edition
(WAIS-3; Wechsler, 1997) was used to provide an estimate of current 1Q level (Axelrod et
al., 2001) and the Wide Range Achievement Test (WRAT-III; Wilkinson, 1993) was used to
provide an estimate of premorbid intelligence (Wilkinson et al., 1993). WRAT-III
(Wilkinson, 1993) reading scores have been shown to be a good estimate of general
intelligence in individuals with neurological deficits, including patients with psychiatric
disorders. In addition, similar to what has been reported in children with early-onset
schizophrenia (Roofeh et al., 2006), we characterized the nature of verbal memory
impairments in a group of adolescents with heavy cannabis use using the same dependent
variables from the age-appropriate versions of the California Verbal Learning Test (CVLT)
(Delis et al., 1987; 1994). The procedures for test administration have been described in
detail elsewhere (Delis et al., 1987; 1994). The CVLT was chosen because this task has been
sensitive to verbal memory deficits in substance abusing populations (Medina et al., 2006;
2007a) and has been associated with temporal lobe/hippocampus activation (Johnson et al.,
2001).

2.3 Statistical Analyses

All analyses examining demographic and clinical characteristics of the study sample were
conducted using SPSS (SPSS-18 Inc., Chicago, Illinois). Demographic differences between
cannabis users and comparison subjects were analyzed using independent samples t-tests
and Fisher's exact tests as appropriate. Group x Hemisphere x Region (hippocampus,
amygdala) ANOVAs examined differences in structural volume. Post hoc statistical analyses
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of medial temporal structures were performed controlling for WRAT-I11 and total brain
volume (TBV) separately and together. The relationship between WRAT-I1I scores and total
brain volume was assessed by performing a Pearson correlation test. Pearson correlations
were also performed to evaluate the relationship between hippocampus volumes, drug use,
and the CVLT results.

3.1 Sample Characteristics

Characteristics of the sample are summarized in Table 1. Cannabis users reported a mean
age of first time cannabis use of 13.1 years (range: 9.0-15.0 years) with an average cannabis
use of 5.8 joints per day. Cannabis users were drug-free for a median duration of 6.7 months
(range: 3-11 months) prior to MRI scan. Numerous cannabis users had comorbid conditions,
including post-traumatic stress disorder (n = 2), attention deficit/hyperactivity disorder (n =
2), oppositional defiant/conduct disorder (n = 4), and alcohol abuse (n = 5). In addition,
eight cannabis patients reported nicotine abuse/dependence, four a history of ecstasy use
(each on less than 3 occasions), and one of cocaine use (less than 3 occasions). There were
no significant differences between cannabis users and control subjects in distributions of
age, gender, parental socio-economic status (SES), ethnicity, or handedness. However, they
significantly differed in WRAT-III scores and total brain volumes (see Table 1). Cannabis
users had a median education level of 111" grade whereas the control group had a median
education level of 1 year of college.

3.2 Group Comparison on the CVLT Performance

Using a general linear model (GLM) and controlling for total brain volume (TBV) and
WRAT-III scaled scores, group performances on subcategories of the CVLT test were
carried out. Heavy cannabis users did not differ significantly from the healthy controls on
their performance on the CVLT total score (F =.13, p =.73), CVLT short delay free recall
(F=.3, p=.590), short delay cued recall (F = 2.84, p =.1), long delay free recall (F=0.0,p =
1.0) and long delay cued recall (F = .1, p =.76).

3.3 Group Comparisons on Medial Temporal Structural Volume

The Group (controls, cannabis) X Hemisphere X Region (hippocampus, amygdala) ANOVA
showed a significant main effect of Group, F(1, 26) = 12.28, p < 0.015 and a significant
Group X Region interaction, F(1, 26) = 4.92, p = 0.036, indicating greater volume in
controls than patients only for the hippocampus, p = 0.001. None of the Group X
Hemisphere interactions were significant. Within subject analyses showed a main effect of
Region and Hemisphere. A significant Region X Hemisphere interaction indicated that the
hippocampus was larger than the amygdala bilaterally, and that the hippocampus was larger
in the right than in the left hemisphere, F(1, 26) = 8.50, p < 0.01.

3.4 Comparison of Heavy Cannabis Users with and without Comorbidities

To specify the effect of comorbidities (ADHD, CD, PTSD, etc) on medial temporal
structures in our patient sample, we further split the participants into two groups, those with
comorbidities (7, some with overlapping comorbidities) and cannabis users without any
reported comorbidities (7). A two tailed student t-test showed no significant volume
differences between the two groups. Though not significant, the group with comorbidities
had higher volume averages for the hippocampus and amygdala. Analysis of variance
covarying for TBV and WRAT-III scaled scores showed volume changes for the group with
no comorbidities at a trend level (left hippocampus p =.1; right hippocampus p =.1; not
significant for amygdala volumes) and no significant differences for the comorbid group and
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matched normal controls (left hippocampus p = .2; right hippocampus p =.3; not significant
for amygdala volumes).

3.5 Total Brain Volume and WRAT-III Correlations

Total brain volume differed significantly between the heavy cannabis users and the healthy
controls (F = 6.79, p = .015). This comparison was no longer significant when analysis was
covaried for subjects’ WRAT-111 scaled scores (F = 1.26, p = .27). Subsequent correlation
analysis between the total brain volumes and WRAT-I111 scaled scores, for each group
separately, showed a strong and significant positive correlation between WRAT-I1I and
TBV (Figure 3) for the normal control group (R = .57, p =.03) but not for heavy cannabis
users (R =.29, p =.31).

3.6 Post Hoc Analysis

A general linear model (GLM) was used to determine regional differences in medial
temporal structure volumes controlling for TBV and WRAT-I1I scaled scores separately and
together. Results are summarized in Table 2 and illustrated in Figure 2. Significant
differences were observed for hippocampus volume bilaterally, after controlling for WRAT-
Il and TBV separately. However, when both variables were controlled for simultaneously,
only the left hippocampus volume was significant (F = 4.51, p = .04), while the right
hippocampus volume was significant at a trend level (F = 3.45, p = .07). No significant
amygdala volume differences were observed between heavy cannabis and matched control
groups.

3.7 Hippocampus and Amygdala Volumes and Correlations with Cannabis Use

Results from a set of post-hoc exploratory analyses to examine the relationship between age
at onset of cannabis use, total amount of drug use, and abstinence time and volume of
medial temporal structures revealed significant negative correlations (R =-.57, p = .03)
between the right hippocampus volume and the total number of joints smoked, shown in
Figure 4.

3.8 Hippocampus and Amygdala Volumes and Correlations with Verbal Learning and

Memory

Significant correlations were observed only in the normal control group between the
multiple subcomponents of the California Verbal Learning Test (CVLT), and left and right
hippocampus volume. These correlations are highlighted in bold in Table 3. No correlations
were observed between CVLT test results and hippocampus volumes for heavy cannabis
users (see Table 3). Correlations for three main components of the CVLT tests, total CVLT
score (total score for free recall trials 1-5), short term free recall, and long term free recall,
are presented in Figures 5 and 6 for normal controls and heavy cannabis users, respectively.
There were no significant correlations between the CVLT tests and amygdala volumes
among normal controls and heavy cannabis users.

4. Discussion

4.1 Effect of Cannabis on Hippocampus Structures

The primary findings of this study showed that adolescents engaging in heavy cannabis use
had significantly smaller left (14.2%, p = 0.02) and right (12.6%, p = 0.04) hippocampus
volumes as compared to their matched controls. No significant changes were observed in the
left and right amygdala volume. These results were obtained subsequent to a relatively long
period of documented abstinence (average 6.7 months, see Table 1). As such, these findings
lend support to a theory that the influences of cannabis may not be just short-term in nature
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but that the brain may endure long-term structural and functional damage. To our
knowledge, this is the first study reporting alteration of brain structures in a group of heavy
cannabis users after a long period of drug abstinence. The average period of abstinence in
previous studies on the potential harmful effects of cannabis on the brain does not exceed 30
days (Medina et al. 2007a,b; Tapert et al. 2007;Schweinsburg et al. 2008b;Bava et al,
2010;Hanson et al. 2010b;Schweinsburg et al, 2010).

In addition to volumetric differences, the right hippocampus among heavy cannabis users
showed a negative significant correlation with the total number of joints smoked (r = -0.57,;
p = .03, see Figure 4), indicating lower hippocampus volumes were associated with greater
cannabis exposure during adolescence. It is again important to note that this robust
correlation between smaller right hippocampus volume and total cannabis exposure are from
this unique sample of treatment-seeking patients that had a relatively long period of
supervised drug abstinence prior to their brain scan. Therefore, our results are possibly more
reflective of persistent brain and cognitive anomalies after cessation of drug use and not an
acute effect. Findings from our study also support previous animal studies reporting
hippocampus damage due to long-term cannabis exposure (Scallet et al., 1987; Landfield et
al., 1988; Chan et al., 1998;Lawston et al., 2000).

Our results showed right>left asymmetry for hippocampus volumes for both normal and
heavy cannabis users. These results are in agreement with those reported in two other studies
evaluating hippocampus volumes in adolescent normal control groups (Giedd et al., 1996;
Suzuki et al., 2005). However, our findings are in conflict with results reported by Medina
and colleagues (Medina et al., 2007b) who reported left>right hippocampus asymmetry in a
group of adolescent cannabis plus alcohol users and their matched normal controls.

In addition to hippocampal volume differences, a significant difference in total brain volume
between the two groups was also detected (see Table 1). However, this difference seems to
arise due to strong correlations detected between the measures of intelligence (WRAT-III
scores) and total brain volume (see Figure 3). The relationship between brain volumes and
factors of intelligence has previously been reported for children (Reiss et al., 1996) and
adults (Wickett et al., 2000), although it is also reported to have genetic origins as well
(Posthuma et al., 2002). A meta-analysis of the relationship between in vivo brain volume
and intelligence conducted by McDaniel and colleagues (2005) also reported that for all age
and sex groups, brain volume is positively correlated with intelligence.

Abnormalities of medial temporal structures in heavy cannabis users have been recently
reported by Yicel et al (2008). Our results are in agreement with this report suggesting that
long-term heavy cannabis use is associated with significant hippocampus atrophy that may
be related to cumulative cannabis use. However, unlike Yicel and colleagues, we did not
find significant changes in amygdala volumes for the heavy cannabis users as compared to
their matched controls. This discrepancy may be due to the fact that our study participants
were much younger (mean age = 19.3; SD = 0.8) than those studied by Yicel et al (mean
age = 39.8; SD = 8.9). A lack of findings in amygdala volumes may also be attributed to the
small sample size of this study and shorter duration of cannabis use. The mean duration of
cannabis use among users in this study was 5.3 years as opposed to the mean cannabis use of
around 20 years reported by Yiicel et al (2008).

Although mounting evidence from recent and other studies suggests that heavy cannabis use
is associated with alterations in hippocampus morphology, there are conflicting data
regarding the long-term effects of cannabis use, as a handful of other studies have reported
no association between prior cannabis use and hippocampus morphology. A recent
functional MRI (fMRI) report by Jager et al (2010) reported normal activation in bilateral
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hippocampi and para hippocampal gyri with no associative memory dysfunction in a group
of regular cannabis users. This may be due to the fact that the subjects reported in the Jager
et al (2010) study were relatively younger and were not considered heavy users as compared
to the subjects in our study. Although, Tzilos et al (2005) studied the effect of cannabis in a
group of older, long-term users and reported no significant volume differences in the left or
right hippocampus. Moreover, Tzilos and colleagues also reported no association between
hippocampus volume and the amount or period of cannabis use. The lack of findings
reported by Tzilos et al (2005) may have been due to the later age of initiation for drug use
among their study population. On the other hand, Yiicel and colleagues conducted a study
on 15 men (average age 39.8 years) who smoked more than five joints daily for
approximately 20 years and reported a significant 12% reduction in hippocampus volume
and a smaller but still significant 7% reduction in amygdala volume compared to controls
(Ytcel et al., 2008). In addition to these studies, there are a number of studies that report no
effect of cannabis use on neuropsychological and neurocognitive functions (Fried et al.,
2002; Grant et al., 2003; Lyons et al., 2004).

4.2 Effect of Cannabis on Memory Function

Abnormal hippocampus morphology has been primarily associated with a decline in
memory function. To characterize the nature of memory impairments of the heavy cannabis
users as compared to their matched controls, we used age-appropriate versions of the
California Verbal Learning Test (CVLT). Relationships between hippocampus volume and
all the CVLT sub-tests of verbal memory functioning were examined for controls and heavy
cannabis users. Results showed significant and strong positive correlations between the left
and right hippocampus volume and CVLT performance in the control group only, with a
stronger correlation between CVLT performance and left hippocampus volume in the
control group. This is an interesting result, as the left hippocampus is known to be more
engaged in verbal memory function (Rausch et al., 1993; Kilpatrick et al., 1997; Sass et al.,
2005; Meador et al., 2006). No correlation between hippocampus volume and the CVLT
were found among adolescent heavy cannabis users (see Figures 5 and 6).

Heavy cannabis users did not differ in their performance on the CVVLT cognitive memory
tests as compared to their matched normal controls. These results were obtained despite the
fact that there were no correlations between hippocampus volume and CVLT scores.
Although there is no precise explanation, as suggested by a recent study (Jager et al., 2010)
this discrepancy may be due to unknown compensatory mechanisms whereby cannabis users
may utilize other brain areas or more of the same brain regions to perform tasks at hand.
Jager et al (2010) used fMRI to test working memory function in a group of cannabis users
and matched controls and reported increased frontal lobe activation among the cannabis
users while there were no differences in task performance between groups. Based on these
results, Jager and colleagues (2010) suggested that a functional compensatory mechanism
may have been used by the cannabis users, resulting in equal task performance as compared
to their matched controls. Although Jager and colleagues were primarily evaluating working
memory and the frontal lobe, their hypothesis may also be a plausible explanation for our
heavy cannabis users’ hippocampus findings and their behavioral performance reported
here. However, there is no evidence for this hypothesis and it warrants careful and
comprehensive future research.

Numerous studies have reported a relationship between memory function, the hippocampus,
and drug abuse. In a recent comprehensive review of the chronic effects of cannabis on
memory in humans, Solowij et al (2008) presents clear evidence for impaired encoding,
storage, manipulation, and retrieval mechanisms in long-term or heavy cannabis users.
Based on this report, sufficient evidence has accumulated to conclude that long-term heavy
cannabis use is associated with impaired memory. Particular to adolescents is an earlier
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study by Pope et al (2003), which reported greater verbal and memory impairment in
individuals who initiated heavy cannabis use during adolescence than those who began use
later in life. An fMRI study by Jacobsen and colleagues (2004) also reported that adolescent
cannabis users showed increased right hippocampal response during a 2-back verbal
working memory task as compared to non-users. The most recent study of long-term
cannabis effects on memory function was reported by Battisti et al (2010). The authors
concluded that relative to non-using controls, chronic users of cannabis had altered memory-
related brain activation in the form of dysfunctional subsequent memory effect (SME)
production and/or poorer neural efficiency, which was associated with deficits in memory
recall (Battisti et al., 2010). This study also reported a significant correlation with a longer
history of cannabis use and earlier onset of use with greater brain alteration. These studies
are again suggestive that adolescence is a period sensitive to drug use and damage to the
hippocampus results in short- and long-term memory dysfunction.

4.3 Study Limitations

There are a number of limitations to the study reported here, many of which are also present
in other investigations of this type. The sample size in this study was small, partially due to
the difficulty in recruiting a sample that would meet all necessary inclusion/exclusion
criteria. This sample included only clinically-referred male patients from mid-to-low socio-
economic backgrounds, and with low 1Q scores. As mentioned previously, although we have
documented and quantified many aspects of marijuana use/abuse in our sample (e.g. the
amount of use, initial age and length of use, and period of abstinence), these data are highly
dependent on the veracity, validity, and reliability of self-reports. However, we corroborated
self-reported information with all available sources of information (treatment charts, clinical
staff, and significant others when available).

We did not control for the effects of alcohol and tobacco smoking. The effect of heavy
alcohol use on hippocampus volume has been reported by Medina and colleagues (2007b).
Although this may be considered a limitation, it should be mentioned that only 5/14
participants were alcohol abusers. Since five of the heavy cannabis users were alcohol
abusers and since our controls were not matched for cigarette smoking to the cannabis
group, conclusions from this study should be considered preliminary and the differences in
hippocampus volume reported here may be due to a combination of alcohol, nicotine, and
cannabis use.

Hippocampal volume differences have been found in a variety of psychiatric populations,
e.g., depression (Kronmdiller et al., 2009; Cole et al., 2010), PTSD (Shin et al., 2004), autism
(Nicolson et al., 2006), schizophrenia (Smith et al., 2003), and epilepsy (Scott et al., 2003;
Auer et al., 2008). As such, the findings reported here for heavy cannabis users may be
nonspecific. However, our preliminary analysis comparing heavy cannabis users with one or
more comorbidities to those with no comorbidities showed no significant differences in
hippocampus volumes between the two groups. In fact, in a separate analysis comparing
each of these groups with normal controls the group with no comorbidities showed more
significant bilateral hippocampal volumes differences. Additional studies in at-risk
populations prior to the initiation of cannabis use are needed to more fully resolve this issue.

It is also important to mention that findings reported here are from a group of heavy
cannabis users and may not extend to recreational users of cannabis with more limited
exposure to cannabis. Additionally, these findings may only pertain to a specific subgroup of
patients who were treatment seeking with a supervised prolonged period of sustained
abstinence. Longitudinal studies are needed to determine if the findings reported here
represent the effect of drugs on the developing brain or preexisting abnormalities
predisposing the individuals to substance use. Due to the cross-sectional nature of the study,
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we cannot establish causality between cannabis use and reduced hippocampus volume. A
more extensive cognitive evaluation is also needed to draw more solid conclusions regarding
the relationship between cannabis, brain structure, and cognition. It is important to note that
the control sample and heavy cannabis users had different levels of education, a limitation
that should be addressed in future studies by matching groups on education status.

In conclusion, there is growing evidence suggesting that adolescence is a key period for
neuronal maturation. We have demonstrated bilateral hippocampal atrophy in a group of
adolescents with heavy cannabis use after an average of 6.7 months of abstinence. To our
knowledge, this is the first study reporting alteration of brain structures in a group of heavy
cannabis users after a long period of abstinence. These results may indicate that heavy
cannabis use during adolescence may cause long-term brain alteration in areas known to be
involved in neurogenesis or rich in cannabis receptors such as the hippocampus. These
results suggest that early onset substance use may affect the normal development of medial
temporal structures and potentially disrupt hippocampal functions.

This study strongly suggests that heavy cannabis use has significant adverse effect on brain
structures and in particular the hippocampus. It is important to note that reduced
hippocampus volumes reported here and elsewhere associated with cannabis use may be
evident before the start of drug use, and thus may instead represent a risk factor for drug
dependence. Nevertheless, we believe that despite this possibility, there is enough evidence
that cannabis use does indeed exert damage on the brain and that heavy consumption
represents an especial risk during adolescence. Adolescence is a critical time for brain
development and maturation and is thus a vulnerable period to engage in risky behaviors,
such as cannabis or other drug use, for both physiological and psychological reasons.
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Figure 1.

An example of the automated extraction of the left (green) and right (red) hippocampi and
left (blue) and right (yellow) amygdalae superimposed onto the brain template constructed
from all 28 study participants.
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Figure 2.

Results for hippocampus and amygdala volumes in heavy cannabis users and controls.
Significant differences were observed for hippocampus volume bilaterally, after controlling
for WRAT-III and TBV separately. However, when both variables were controlled for at the
same time, only the left hippocampus volume was significant (F = 4.51, p = .04) and the
right hippocampus volume was significant at a trend level (F = 3.45, p =.07). No significant
volumetric differences for the amygdala were found between cannabis users and controls.
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Figure 3.
Correlation between scaled scores of WRAT-III and total brain volume. There was a

significant correlation among the normal control group but no correlations for the heavy
cannabis users.
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Figure 4.
Correlation between the right hippocampal volume (mm3) and total number of joints
smoked.
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Correlations between the left and right hippocampus volumes and the CVLT subtests for
normal controls. Note the more robust and significant correlations of the CVLT tests (verbal

test) with left as opposed to the right hippocampus volume.
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Results for the left and right hippocampus volumes and the CVLT subtests for heavy
cannabis users. Note the lack of significant correlations for either the left or right
hippocampus volumes with the CVLT measures among the cannabis users.
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Patients with Cannabis Use (n=14)  Healthy Controls (n=14)

Test Statistic p

Mean Age (SD), years 19.3(0.8) 18.5(1.4)
Sex (M/F) 1410 14/0
Ethnicity (Caucasian/non—Caucasian)* 0/14 3/11
Handedness (dextral/non—dextral)* 10/3 1271
Parental SES (high/low)1 9/1 1370
Mean WRATS score (SD)2 84.3 (13.9) 104.0 (17.6)
Brain Volume (mm3) 1553.5 (110) 1426.9 (144)
Mean Age at Onset of Cannabis Use (SD), years 13.1(1.6)

Mean Duration of Use (SD), years 5.3(2.1)

Mean Amount Used (SD), joints per day 5.8 (2.6)

Mean Time since Last Use (SD), months 6.7 (3.7)

t=-1.88 .07

.22

.59

44
t=3.29 <.005

t=26 <.01

Note: Independent samples t — tests and Fisher's Exact tests utilized as appropriate.
*

One missing data point for patients and one for controls.
1. . . .

Socioeconomic status (SES) (Hollingshead 1975)

2Wide Range Achievement Test (WRAT3) Reading subtest (Wilkinson 1993)
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