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Abstract
Marijuana exposure during the critical period of adolescent brain maturation may disrupt neuro-
modulatory influences of endocannabinoids and increase schizophrenia susceptibility.
Cannabinoid receptor 1 (CB1/CNR1) is the principal brain receptor mediating marijuana effects.
No study to-date has systematically investigated the impact of CNR1 on quantitative phenotypic
features in schizophrenia and inter-relationships with marijuana misuse. We genotyped 235
schizophrenia patients using 12 tag single nucleotide polymorphisms (tSNPs) that account for
most of CB1 coding region genetic variability. Patients underwent a high-resolution anatomic
brain magnetic resonance scan and cognitive assessment. Almost a quarter of the sample met
DSM marijuana abuse (14%) or dependence (8%) criteria. Effects of CNR1 tSNPs and marijuana
abuse/dependence on brain volumes and neurocognition were assessed using ANCOVA, including
co-morbid alcohol/non-marijuana illicit drug misuse as covariates. Significant main effects of
CNR1 tSNPs (rs7766029, rs12720071, and rs9450898) were found in white matter (WM)
volumes. Patients with marijuana abuse/dependence had smaller fronto-temporal WM volumes
than patients without heavy marijuana use. More interestingly, there were significant rs12720071
genotype-by-marijuana use interaction effects on WM volumes and neurocognitive impairment;
suggestive of gene-environment interactions for conferring phenotypic abnormalities in
schizophrenia. In this comprehensive evaluation of genetic variants distributed across the CB1
locus, CNR1 genetic polymorphisms were associated with WM brain volume variation among
schizophrenia patients. Our findings suggest that heavy cannabis use in the context of specific
CNR1 genotypes may contribute to greater WM volume deficits and cognitive impairment, which
could in turn increase schizophrenia risk.
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1. Introduction
Marijuana use during early adolescence has been associated with two-fold increased risk for
schizophrenia (Andreasson, Allebeck, Engstrom, & Rydberg, 1987; Arseneault et al., 2002;
Zammit, Allebeck, Andreasson, Lundberg, & Lewis, 2002). Longitudinal assessments of
birth cohorts find that adolescent marijuana users are significantly more likely than non-
users to be diagnosed with schizophrenia at follow-up. Other large epidemiologic
prospective studies have replicated this association between adolescent marijuana use and
persistent psychotic disorders (Henquet et al., 2005a; Stefanis et al., 2004; van Os et al.,
2002). Recent meta-analyses further indicate that schizophrenia risk rises with increasingly
heavy adolescent marijuana exposure, and estimate that adolescent marijuana use may
account for 8–14% of schizophrenia cases (Henquet, Murray, Linszen, & van Os, 2005b;
Moore et al., 2007).

Although the association between adolescent marijuana use and subsequent schizophrenia is
well-replicated, the nature of this relationship remains widely debated (e.g. (Henquet & Van
Os, 2008)). The neurobiological mechanisms underlying how early adolescent cannabis
exposure may confer increased schizophrenia susceptibility is poorly understood (D’Souza,
Sewell, & Ranganathan, 2009; DeLisi, 2008; Kumra, 2007; Sewell, Ranganathan, &
D’Souza, 2009). Most schizophrenia patients have no history of adolescent marijuana use,
and the majority of adolescents who abuse marijuana do not go on to develop schizophrenia.
Some have argued against a causal link (Degenhardt, Hall, & Lynskey, 2003; Hickman et
al., 2009), and suggest that individuals with incipient schizophrenia may be self-medicating
with marijuana. Other researchers have suggested that adolescence is a sensitive time period
during which the brain may be especially vulnerable to deleterious effects of marijuana,
which may disrupt normal brain maturation and lead to increased schizophrenia risk (e.g.
(Murray, Morrison, Henquet, & Di Forti, 2007)). A growing body of animal studies supports
such a hypothesis. Chronic cannabis administration in adolescent rats, but not adult
cannabinoid exposure, leads to enduring cognitive deficits in adulthood, including working
memory deficits and prepulse inhibition abnormalities commonly observed in schizophrenia
probands (O’Shea, McGregor, & Mallet, 2006; O’Shea, Singh, McGregor, & Mallet, 2004;
Schneider & Koch, 2007). These persistent cognitive deficits are further associated with
altered FOS protein expression within brain regions critical in schizophrenia (such as the
hippocampus, nucleus accumbens, caudate and putamen)(Wegener & Koch, 2009).

The effects of exogenous cannabis and endocannabinoids are mediated by cannabinoid
receptor 1 (CNR1; a.k.a. CB1 or CB1R), which is widely expressed in the brain, including
prefrontal cortex and medial temporal lobe (Pazos, Nunez, Benito, Tolon, & Romero, 2005).
CNR1 is localized to Chr 6q14-q15, a schizophrenia susceptibility locus (Kohn & Lerer,
2005). Previous schizophrenia-CNR1 genetic association studies, restricted mostly to two
CNR1 variants (i.e. rs1049353 SNP and an (AAT)n trinucleotide repeat), have found mixed
results (Chavarría-Siles et al., 2008; Seifert, Ossege, Emrich, Schneider, & Stuhrmann,
2007). No studies have comprehensively investigated the effects of CNR1 on brain
morphometric and neurocognitive phenotypic features of schizophrenia. The goal of this
study is to examine the interactions between CNR1 genetic variants and heavy marijuana
misuse on brain volumes and cognitive function among schizophrenia patients. Our
hypothesis is that patients with specific CNR1 genotypes are more vulnerable to the effects
of heavy marijuana misuse, and will show greater brain volume deficits and cognitive
impairment than patients without marijuana misuse.
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2. Patients and Methods
2.1 Subjects

Two hundred and thirty-five patients with schizophrenia-spectrum disorders were recruited
through the University of Iowa Mental Health Clinical Research Center (MHCRC). These
subjects participated in various MHCRC research studies approved by the University of
Iowa human subjects research review board. All study participants gave written informed
consent to undergo research assessments, which included a morphometric magnetic
resonance (MR) brain scan, standardized neuropsychological test battery and blood sample
for DNA analyses. They were further evaluated using a semi-structured interview
instrument, Comprehensive Assessment of Symptoms and History (CASH)(Andreasen,
Flaum, & Arndt, 1992), on which schizophrenia (N=221) or schizoaffective disorder (N=14)
diagnoses meeting DSM-III-R or DSM-IV criteria were based. All subjects were of
Caucasian ancestry. Subjects were relatively young (Mean age=27.9 years (SD=9.44)), and
had become psychiatrically ill recently (Mean age of illness onset=24.9 years (SD=8.4);
Mean duration of illness=3.2 years (SD=5.7)).

2.2 Substance Use
Alcohol and illicit drug use was assessed using the CASH interview. Information from
multiple sources (including the subject, available family informants and medical records)
was utilized to determine lifetime substance abuse or dependence diagnoses meeting DSM
criteria (Ho, Flaum, Hubbard, Arndt, & Andreasen, 2004). The CASH evaluates 8 drug
categories: alcohol, barbiturates/hypnotics, opioids, cocaine, amphetamines/stimulants,
phencyclidine, hallucinogens and marijuana. For each category, the patient is asked if he/she
has ever used the drug, pattern of use, period of heaviest use, and questions relating to DSM
abuse and dependence diagnostic criteria. Inter-rater reliability of alcohol/illicit drug abuse/
dependence categorization was high (Mean intraclass r=.75 (SD=.16)).

Almost half the sample (N=106) had no prior marijuana exposure. Approximately one-third
(N=77) had lifetime marijuana use not meeting DSM marijuana abuse or dependence
criteria. Thirty-three patients (14.0%) had marijuana abuse and 19 (8.1%) marijuana
dependence. In this study, we contrasted patients with marijuana abuse or dependence
(N=52) against 183 patients who never met DSM criteria for marijuana abuse or
dependence. Besides marijuana, 50 patients had lifetime alcohol abuse or dependence, 22
amphetamines abuse/dependence, 15 hallucinogen abuse/dependence, 9 cocaine abuse/
dependence, 1 phencyclidine abuse/dependence, 1 opioid abuse/dependence, and 1
barbiturates abuse/dependence. Of the 52 patients with marijuana abuse/dependence, 31
patients had concurrent alcohol or non-cannabis illicit drug abuse/dependence.

2.3 Selection of CNR1 SNPs and Genotyping
In this study, we investigated tag single nucleotide polymorphisms (tSNPs) so as to
maximally represent CNR1 common variants in the population. Twelve tSNPs (Figure 1)
were selected using Haploview (Barrett, Fry, Maller, & Daly, 2005) (aggressive tagging 2-
marker haplotype r2≥0.8) and the HapMap CEU population SNP database
(http://www.hapmap.org, Release 22/Phase II). These tSNPs accounted for greater than 90%
of the variance of all HapMap SNPs (minor allele frequencies ≥5%) within the genomic
region surrounding CNR1 Exons 3 and 4. The 12 tSNPs span approximately 18.7kb at
Chromosome 6q14-q15 (Mean distance between tSNPs=1.70kb; Median=1.49kb). To
genotype study participants, DNA was prepared by high-salt extraction from whole blood
(Lahiri & Nurnberger, 1991) and assayed using Illumina Infininum II array BeadChips
which were designed, manufactured and completed by Illumina (San Diego, CA). Genotype
call rates were 100% for each of the 12 CNR1 tSNPs. Illumina utilizes their proprietary
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GenCall data analysis software to ascertain quality and reliability of the genotypes called. A
10% GenCall score (i.e. the 10th percentile rank for all GenCall scores of the study samples
at a given locus) greater than 0.7 is considered accurate and high-quality genotype data. The
mean 10% GenCall scores for the 12 CNR1 tSNPs is 0.89 (SD=0.05; Range=0.80 – 0.96).

2.4 MRI Acquisition and Image Processing
High-resolution morphometric brain MR data were collected using one of two imaging
protocols. For subjects enrolled into the study before calendar year 2000, MRI brain scans
were acquired on a 1.5-Tesla GE (General Electric Medical Systems, Milwaukee,
Wisconsin) Signa MR scanner. In this earlier imaging protocol (termed ‘MR5’), three-
dimensional T1-weighted images were acquired in the coronal plane using a spoiled GRASS
sequence (SPGR). The parameters were: echo time (TE)=5ms, repetition time (TR)=24ms,
numbers of excitations (NEX)=2, rotation angle=40 degrees, field of view
(FOV)=26×19×18.6 cm, and a matrix of 256×192×124. Two-dimensional PD and T2
sequences were acquired as follows: 3.0 or 4.0 mm thick coronal slices, TR=3000ms,
TE=36ms (for PD) and 96ms (for T2), NEX=1, FOV=26×26 cm, matrix=256×192. For
subjects recruited in 2000 or later, we used a 1.5-Tesla Siemens Avanto scanner. In this
more recent imaging protocol (termed ‘MR6’), the T1 sequence was obtained as a 3D
volume in the coronal plane using a FLASH sequence with the following parameters: TE=6
ms, TR=20 ms, flip angle=30°, FOV=260×260×192 mm, matrix = 256×256×124, NEX=2,
slice thickness 3 mm, ETL=5. The MR6 T2 images were acquired using a 2D fast spin-echo
sequence in the coronal plane. The parameters were: TE=85 ms, TR=4800 ms, slice
thickness/gap=1.8/0.0 mm, FOV=160×160 mm, matrix=256×256, NEX=3, number of
echoes=8, number of slices=124.

MR images were processed using our locally developed BRAINS2 (Brain Research:
Analysis of Images, Networks, and Systems, Version 2) software package (Magnotta et al.,
2002). Detailed descriptions of image analysis methods have been provided elsewhere
(Andreasen et al., 1993; Andreasen et al., 1994; Andreasen et al., 1996; Harris et al., 1999).
In brief, the T1-weighted images were spatially normalized and re-sampled so that the
anterior-posterior axis of the brain was realigned parallel to the anterior-posterior
commissure line, and the interhemispheric fissure was aligned on the other two axes. The
T2-weighted images were aligned to the spatially normalized T1-weighted image using an
automated image registration program (Woods, Cherry, & Mazziotta, 1992). These images
were then subjected to a linear transformation into standardized stereotaxic Talairach atlas
space (Talairach & Tournoux, 1988) to generate automated measurements of frontal,
temporal, parietal and occipital lobes (Andreasen et al., 1996). To further classify tissue
volumes into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF), we
employed a discriminant analysis method of tissue segmentation based on automated
training class selection that utilized data from the T1 and T2 sequences (Harris et al., 1999).
In this study, we examined total and lobar (Talairach atlas-based frontal, temporal and
parietal sub-divisions) GM and WM brain volumes and lateral ventricles.

To enhance MR5 and MR6 data compatibility, MR6 scans were re-sampled into the same
resolution and image size as MR5 scans so as to simulate similar amounts of partial volume
effects in voxels that border two tissue types. To verify our ability to combine data from the
2 MR protocols, we have acquired both MR5 and MR6 scans on 60 patients (Ho,
Andreasen, Ziebell, Pierson, & Magnotta, In Press). Brain volume differences between the
two imaging sequences were small (Median percent difference=0.19%). Intra-class
correlations were high across regions of interest (Median ICC=0.97). Hence, MR5 and MR6
data are compatible for combined statistical analyses.
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2.5 Neurocognitive Assessment
All patients except 13 also underwent neurocognitive assessment administered by
psychometrists who have been trained in standardized neuropsychological assessment and
scoring procedures. Testing generally took approximately 4 hours to complete and, when
necessary, occurred over several sessions. Assessment was performed when the subject was
cooperative, clinically stable and psychiatric symptoms would not interfere with testing.

Full scale IQ scores were derived from the Wechsler Adult Intelligence Scale – Revised
Edition (WAIS-R). Based on a priori theoretical considerations (Green et al., 2004; Hill,
Schuepbach, Herbener, Keshavan, & Sweeney, 2004; Kareken et al., 1995; Milev, Ho,
Arndt, & Andreasen, 2005; Saykin et al., 1994), 40 test variables from the standardized
neuropsychological battery were grouped into 6 cognitive domains: Verbal Memory,
Processing Speed/Attention, Problem Solving, Language, Visuospatial Abilities and Motor
Skills. These cognitive domain groupings had good internal consistency (Median
Cronbach’s alpha=0.80; Range=0.75–0.85)(Ho et al., 2003; Milev et al., 2005). The
component neuropsychological test variables used to compute each cognitive domain score
have been previously described (Milev et al., 2005). For Processing Speed/Attention domain
score, these were: WAIS-R Digit Span, WAIS-R Digit Symbol, Trail Making A, and Stroop
Color and Word Test (trials 1–3). Problem Solving domain score comprised of Wisconsin
Card Sorting Test (WCST) number of categories attained, WCST number of perseverative
errors, Shipley Institute of Living Scale abstractions subtest, WAIS-R Comprehension,
Similarities, Picture Completion and Picture Arrangement subtests. Prior to deriving
cognitive domain scores, raw test score from each neuropsychological test variable was
converted to a z score (Mean=0, SD=1) based on norms established using 382 healthy
volunteers. Scores were reversed where necessary. A larger negative score indicates poorer
performance below the mean. Using these z scores, each domain score is the summed
average of its component neuropsychological test variables.

2.6 Statistical analyses
Analyses were performed using Haploview (Barrett et al., 2005) and SAS software (version
9.2; SAS Institute, Cary, NC). Inter-correlations between the 12 CNR1 tSNPs were analyzed
with pair-wise linkage disequilibrium (LD) statistics within Haploview. Because only a
minority of the sample had heavy marijuana misuse, we grouped patients with marijuana
abuse and patients with marijuana dependence together (N=52) for statistical analyses.
Furthermore, since there were no significant group differences in sociodemographics, illness
characteristics, MRI brain volumes or CNR1 tSNP allele frequencies between patients
without prior marijuana exposure and patients whose marijuana use had not meet DSM
marijuana abuse or dependence (data not shown; available upon request), these patients were
grouped together (N=183) for comparison against patients with marijuana abuse or
dependence. Group differences on categorical variables were tested using χ2-test and
continuous variables independent group T-test or ANCOVA.

To assess brain volume-CNR1 relationships, statistical analyses were conducted in stages to
reduce Type I error. We first tested whether there was an overall effect of each CNR1
genotype (minor allele carriers versus major allele homozygotes) on total cerebral GM or on
total cerebral WM volumes. We used the adaptive false discovery rate (FDR) (Benjamini &
Hochberg, 2000) procedure to control for potential type I error rate inflation due to multiple
testing. Compared to familywise error rate controlling methods, FDR-controlling methods
generally provide greater statistical power (Sabatti, Service, & Freimer, 2003). In each
general linear model, total cerebral brain volume was entered as dependent measure, and
genotype the independent variable. As a second step, for CNR1 genotypes in which the total
cerebral brain volume test was statistically significant (FDR-adjusted p≤.05), follow-up
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analyses were performed to determine differential brain volume-CNR1 relationships across
patients with versus patients without marijuana abuse/dependence. In each follow-up
ANCOVA, the dependent variable was frontal, temporal or parietal lobar brain volume.
Genotype, marijuana misuse (presence versus absence of lifetime marijuana abuse or
dependence) and genotype-by-marijuana misuse interaction terms were the independent
measures (p≤.05). Covariates in the total cerebral and follow-up lobar brain volume analyses
were intracranial volume, age, gender, imaging protocol, antipsychotic treatment (lifetime
antipsychotic exposure) and alcohol/non-cannabis illicit substance abuse/dependence.
Intracranial volume adjusted for individual differences in overall cranial size. Gender, age
and antipsychotic treatment are known to influence brain volumes. To further ensure that
scan sequence variation was not producing erroneous results, we included imaging protocol
(i.e. ‘MR5’ versus ‘MR6’ scanning protocol) as a covariate in the analyses. Alcohol/other
illicit substance use (presence versus absence of lifetime alcohol abuse/dependence or non-
marijuana illicit substance abuse/dependence) may affect brain volumes and potentially
confound brain volume-CNR1 relationships.

Neurocognition-CNR1 relationships focused on SNPs where there were significant
genotype-by-marijuana misuse interaction effects on brain volumes (p≤.05). In these
ANCOVAs, the dependent measure was cognitive domain score (Verbal Memory,
Processing Speed/Attention, Problem Solving, Language, Visuospatial Abilities or Motor
Skills) with covariates being WAIS-R Full Scale IQ, gender, age and alcohol/non-cannabis
illicit substance abuse/dependence.

3. Results
Allele frequency and pair-wise LD between the 12 CNR1 tSNPs are summarized in Table 1.
Several of the tSNPs had comparatively lower allele frequencies than other tSNPs. Such
differences led to inflated D′ estimates of LD with corresponding low r2 LD values (e.g.
rs12720071 and rs1049353: D′=1.00 versus r2=.03). Therefore, r2 yielded a better measure
of LD in our study sample. There were high inter-correlations between 2 pairs of tSNPs:
rs806375/rs806376 (r2=.80) and rs6454672/rs9450898 (r2=.77). To reduce redundancy,
rs806375 and rs6454672 were excluded from subsequent analyses. Genotype distributions in
all 12 tSNPs were in Hardy-Weinberg equilibrium (p≥.06).

3.1 Differences between patients with and without lifetime history of marijuana abuse/
dependence

Compared to patients without prior heavy marijuana use, patients with lifetime history of
marijuana abuse/dependence were younger, more likely to be male and to have comorbid
alcohol and/or non-marijuana illicit substance misuse (Table 2, p≤.001). Otherwise, the 2
comparison groups were comparable with respect to other sociodemographic measures,
illness characteristics and antipsychotic treatment (p≥.10).

Patients with marijuana abuse/dependence had smaller frontal WM (Adjusted Mean=175.6
versus 180.6cc in patients without marijuana abuse/dependence; F=3.10, p=.07; Figure 2a)
and smaller temporal WM volumes (Adjusted Mean=68.6 and 70.0cc respectively; F=5.49,
p=.02; Figure 2b). Gray matter, parietal WM and lateral ventricle volumes did not differ
significantly between patients with and without marijuana abuse/dependence (F≤2.73, p≥.
09).

Allele frequency distributions for CNR1 tSNPs also did not differ significantly between
patients with and without marijuana abuse/dependence (Table 2; χ2≤3.19, p≥.07). For
rs1049353, G-allele frequency was non-significantly more prevalent among patients with
marijuana misuse (77.9% versus 68.8% in patients without marijuana abuse/dependence; p=.
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07). rs1049353 genotype frequencies across the two comparison groups did not differ
significantly either (χ2=3.25, p=.20).

3.2 Relationships between CNR1 tSNPs and brain volumes across marijuana misuse
groupings

After adjusting for multiple comparisons, the main effects of 3 CNR1 tSNPs on total
cerebral WM brain volumes remained statistically significant (Table 3): rs7766029 (F=6.00,
FDR-adjusted p=.05), rs12720071 (F=5.82, FDR-adjusted p=.05), and rs9450898 (F=8.24,
FDR-adjusted p=.04). Pair-wise LD analysis of these 3 tSNPs found low inter-correlations
(Table 1 and Figure 1; r2≤.07; Median r2=.02). For the other 7 tSNPs, there were no
significant associations between CNR1 genotype and total cerebral WM or total cerebral
GM brain volumes (Table 3; F≤2.34, FDR-adjusted p≥.13).

Follow-up analyses investigating the inter-relationships between these 3 CNR1 tSNPs on
lobar WM volumes across patients with versus without marijuana misuse are summarized in
Table 4. Compared to rs12720071-A homozygotes, G-allele carriers had significantly
smaller frontal and temporal WM volumes (p≤.05; Table 4 and Figures 3a and 3b). Most
interestingly, there were significant rs12720071-genotype-by-marijuana misuse interaction
effects on parietal WM volumes (p=.05; Table 4), which are suggestive of
gene×environment interactions for conferring brain volume deficits in schizophrenia.
rs12720071-G-allele carriers with marijuana abuse/dependence had the smallest mean
parietal WM volumes than the other 3 subgroups (i.e. patients without marijuana abuse/
dependence and rs12720071-A homozygotes with marijuana abuse/dependence; Figure 3c).
Temporal and parietal WM volumes in rs7766029-C homozygotes were significantly
smaller than WM volumes in rs7766029-T-allele carriers (p≤.05; Table 4 and Figure 4).
rs9450898-C homozygotes had significantly smaller frontal and parietal WM volumes than
T-allele carriers (p≤.05; Table 4 and Figure 4).

3.3 Relationships between rs12720071 and neurocognition
There were significant rs12720071 genotype effects on Processing Speed/Attention and
Problem Solving cognitive domain scores (F≥5.56, p≤.03; Figures 3d and 3e). G-allele
carriers (who had smaller frontal and temporal WM volumes) had poorer performance on
tests assessing Processing Speed/Attention and Problem Solving skills. Genotype-by-
marijuana misuse interaction main effects were significant for Problem Solving (F=5.02, p=.
04) but not for Processing Speed/Attention (F=1.24, p=.27). Again, rs12720071-G-allele
carriers with marijuana abuse/dependence (who had the smallest parietal WM volumes) also
had the worst Problem Solving test performance (Mean z=−1.78 versus −1.12, −1.19 and
−1.23 in A homozygotes with and without marijuana misuse and G-allele carriers without
marijuana misuse respectively; Figure 3e). There was no statistically significant rs12720071
genotype or genotype by-marijuana misuse interaction main effects on Verbal Memory,
Language, Visuospatial Abilities and Motor Skills cognitive domain scores (F≤2.41, p≥.12).

Because there was significantly more males among patients with marijuana misuse (92.3%
versus 69.4% in patients without marijuana misuse), we repeated the statistical analyses
using only male subjects. Genotype effects on WM brain volumes and on neurocognition
among males were similar to those using the entire study sample (data available upon
request). As an alternative to single-marker analyses, we conducted exploratory haplotype
analyses (see Supplementary Information). Haplotype-based findings were consistent with
those from single-marker tests.
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4. Discussion
In this study, we investigated 12 tSNPs representing much of the genetic variability
surrounding the genomic region encoding CB1, the principal receptor for endogenous and
exogenous cannabinoids. Of these, three independent CNR1 tSNPs had significant effects on
brain volumes in schizophrenia patients. CNR1 rs12720071-G-allele carriers, rs7766029-C
homozygotes, and rs9450898-C homozygotes were associated with smaller WM brain
volumes than their respective counterparts. CNR1 also interacts with heavy marijuana use to
influence white matter volume deficits and cognitive dysfunction; these results are
suggestive of combined gene×environment influences in mediating phenotypic features of
schizophrenia. Specifically, rs12720071 SNP G-allele carriers may be especially vulnerable
to the impact of marijuana misuse on influencing parietal lobe WM volumes and on
impairing problem solving skills. Lastly, we found schizophrenia patients with marijuana
abuse/dependence had smaller frontotemporal WM volumes than patients without heavy
marijuana use.

CB1 is the primary brain receptor activated by marijuana. It is down-regulated in the brain
in response to delta-9-tetrahydrocannabinol (Breivogel et al., 1999; Romero, Berrendero,
Garcia-Gil, Ramos, & Fernandez-Ruiz, 1998), the psychoactive component within
marijuana. CB1 is a member of the Gi/Go-protein-coupled receptor superfamily (Pertwee,
1997). Its activation triggers a diverse range of cellular responses, including multiple second
messenger transduction mechanisms important in regulating dopaminergic and GABAergic
neurons (Eggan & Lewis, 2007; Gardner, 2005; Laviolette & Grace, 2006; Lewis &
Hashimoto, 2007; Price et al., 2007). CB1 is widely expressed in the dorsolateral prefrontal
cortex, hippocampus, thalamus and cerebellum (Pazos et al., 2005); which are also brain
regions implicated in the pathophysiology of schizophrenia (Lewis & Gonzalez-Burgos,
2008) and in addiction/reward circuitry (Haber & Knutson, 2009). CB1 receptors are
localized predominantly in neurons with the highest concentrations in afferent axon
terminals, neuronal cell bodies, and dendrites (Ong & Mackie, 1999). However, recent
studies have found CB1 in oligodendrocytes (Moldrich & Wenger, 2000; Rodriguez,
Mackie, & Pickel, 2001) as well as in oligodendrocyte progenitor cells within the
subventricular zones where post-natal glial proliferation occurs (Berrendero et al., 1998).
Cannabinoid-mediated CB1 signaling has been shown to control post-natal subventricular
zone oligodendrogenesis (Arevalo-Martin et al., 2007), and enhance oligodendrocyte
(Molina-Holgado et al., 2002) and neuronal (Galve-Roperh, Palazuelos, Aguado, &
Guzman, 2009; Harkany, Keimpema, Barabas, & Mulder, 2008) lineage cell survival during
neurodevelopment. Thus, our findings of associations between CNR1 genetic variations and
white brain volumes are consistent with the role of CB1 signaling in maintaining neural
integrity and function.

Previous schizophrenia-CNR1 genetic association studies, restricted mostly to two CNR1
variants, have found mixed results. Several studies report no significant associations
between schizophrenia and a synonymous SNP (rs1049353) within the CNR1 coding region
on Exon 4 (Leroy et al., 2001; Seifert et al., 2007; Ujike et al., 2002). The (AAT)n
trinucleotide repeat located 18kb downstream from the Exon 4 translational start site (Zhang
et al., 2004) has been associated with schizophrenia and with hebephrenic schizophrenia
subtype in several (Chavarría-Siles et al., 2008; Martinez-Gras et al., 2006; Ujike et al.,
2002) but not all studies (Tsai, Wang, & Hong, 2000). Few prior schizophrenia-CNR1
genetic association studies have included schizophrenia patients with comorbid substance
misuse. Martinez-Gras and colleagues did not find significant differences in (AAT)n
trinucleotide variant allele frequencies between patients with and without substance abuse
(Martinez-Gras et al., 2006). Leroy et al (Leroy et al., 2001) reported preponderance of
rs1049353-G-allele among substance abusing schizophrenia patients. Similarly, patients
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with marijuana abuse/dependence in our study were also more likely to have the rs1049353-
G-allele although this difference did not achieve statistical significance.

Associations between CNR1 and substance misuse have also not been consistently
replicated. The (AAT)n variant has been linked with cocaine, heroin, alcohol and
polysubstance abuse (Ballon et al., 2006; Comings et al., 1997; Johnson et al., 1997).
However, these reports differed regarding the number of (AAT)n repeats that is associated
with drug misuse risk. Although the majority of studies examining CNR1 SNPs reported
significant associations with substance misuse, no uniform patterns of associations with
specific SNPs have emerged (Agrawal et al., 2009; Chen et al., 2008; Hopfer et al., 2006;
Hutchison et al., 2008; Schmidt et al., 2002; Zhang et al., 2004; Zuo, Kranzler, Luo,
Covault, & Gelernter, 2007). Other investigators have failed to find significant relationships
between substance use and (AAT)n tandem repeat (Covault, Gelernter, & Kranzler, 2001;
Heller, Schneider, Seifert, Cimander, & Stuhrmann, 2001; Li et al., 2000; Zhang et al.,
2004) or with CNR1 SNPs (Heller et al., 2001; Herman, Kranzler, Cubells, Gelernter, &
Covault, 2006). This conflicting literature may in part be related to differences in study
samples (e.g. participants differed in the type and/or severity of illicit drug use, ancestry/
ethnicity, etc.), high comorbidity of different illicit drugs within a given patient, as well as
overlapping and specific genetic influences mediating each type of illicit drug misuse
(Kendler, Jacobson, Prescott, & Neale, 2003; Tsuang et al., 1998; Young, Rhee, Stallings,
Corley, & Hewitt, 2006).

SNPs may be functional in exerting their effects on disease phenotype if the variant either 1)
substitutes an amino acid and changes protein structure (Cargill et al., 1999; Sunyaev,
Ramensky, & Bork, 2000), 2) alters mRNA expression, stability or localization through
regulating transcription (e.g. disrupt transcription factor binding sites at intronic enhancer or
promoter regions (Prokunina et al., 2002)) or via alternate splicing (e.g. affecting exonic
splicing enhancers or silencers (Cartegni, Chew, & Krainer, 2002)), or 3) if the variant is in
linkage disequilibrium with another functional SNP. There are two known SNPs within the
CNR1 coding region, i.e. rs1049353 (which we examined in this study) and rs3505747.
However, both SNPs are synonymous variants that do not result in amino acid substitution
or protein structure alterations. In our study, we did not find significant rs1049353 genotype
effects on MRI brain volumes or on marijuana misuse among schizophrenia patients.

The three CNR1 SNPs implicated in our study (i.e. rs7766029, rs12720071, and rs9450898)
are localized to introns or within the untranslated region of Exon 4. No studies to-date has
directly examined how these 3 SNPs may mediate CNR1 gene expression and function.
There have not been genetic association studies linking these 3 SNPs to schizophrenia or to
marijuana misuse either. Thus, the impact of these 3 SNPs on the pathophysiology of
schizophrenia remains unknown. Nevertheless, previous studies have identified regulatory
regions within cnr1/CNR1 (Borner, Bedini, Hollt, & Kraus, 2008; Zhang et al., 2004) that
may provide useful indicators regarding the potential functional roles of rs9450898 and
rs12720071 in mediating the neurobiology of schizophrenia. Based on the HapMap CEU
population SNP database (http://www.hapmap.org), rs9450898 is in perfect LD with another
CNR1 SNP rs2023239 (D′=1.0; r2=1.0). The latter has been associated with altered CNR1
Exon 3 RNA levels in the human brain (Zhang et al., 2004) as well as with prefrontal CB1
receptor expression differences (Hutchison et al., 2008). Thus, phenotypic abnormalities
associated with rs9450898 observed in the current study may be related to LD with known
functional variants, or to yet unknown direct effects of rs9450898 on altering transcriptional
regulation. The genomic sequence surrounding rs12720071 (i.e. GATTC) may be a potential
transcription factor binding site (Heinemeyer et al., 1998). Presence of the A-allele on
rs12720071 predicts a transcription factor binding site for CCAAT/enhancer-binding protein
beta (C/EBPbeta)(Akira et al., 1990). C/EBPbeta is a member of the transcription factor
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family comprising of basic leucine-zipper DNA-binding proteins that recognizes a common
DNA-binding sequence (Vinson, Sigler, & McKnight, 1989). These C/EBP transcription
factors can promote or repress gene expression to regulate embryonic neurogenesis, adult
neuroplasticity, learning/memory and neuronal regeneration following injury (Alberini,
Ghirardi, Metz, & Kandel, 1994; Cortes-Canteli, Pignatelli, Santos, & Perez-Castillo, 2002;
Menard et al., 2002; Sterneck & Johnson, 1998; Taubenfeld, Milekic, Monti, & Alberini,
2001). Thus, the A>G substitution on rs12720071 may potentially disrupt C/EBPbeta
transcription factor binding, and leads to WM volume deficits and cognitive dysfunction
among rs12720071-G-alleles carriers with heavy marijuana use.

The limitations of this study include our relatively small sample of patients with marijuana
misuse and absence of comparison groups. Future studies will need to include healthy
controls and marijuana abusers without schizophrenia in order to determine the specificity of
the effects of CNR1 gene polymorphisms on brain structure and function. Furthermore, our
statistical analyses used FDR to adjust for multiple comparisons. Although FDR-controlling
methods yield greater statistical power, these are less stringent than Bonferroni-correction or
familywise error rate controlling methods. We chose a two-step analytic approach to limit
Type I errors in order to explore the influence of CNR1 on carefully selected phenotypic
measures. No prior studies have genotyped CNR1 to this level of genomic coverage in
relation to phenotypic features of schizophrenia. Nonetheless, our findings of genotype-
phenotype associations are preliminary and will require future replication. There is often
substantial co-occurrence of alcohol and other illicit drug use among individuals with
marijuana abuse/dependence. Even though our study sample is representative of this
population, comorbid alcohol and non-marijuana substance misuse remains as a potential
confounding factor in genotype-phenotype associations despite inclusion of the former as a
covariate in our statistical analyses. Further studies will need to investigate marijuana abuse/
dependent patients without other comorbid substance misuse in order to more definitively
assess gene-marijuana interactive effects on brain morphology and cognition.

In conclusion, our study indicates that marijuana misuse in combination with specific CNR1
genotypes may contribute to WM volume deficits and cognitive impairment for a subgroup
of schizophrenia patients. These findings suggest that for a proportion of patients within the
heterogeneous grouping of schizophrenia, heavy marijuana misuse may be a necessary and/
or a sufficient factor in mediating phenotypic features of the disorder.
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Figure 1.
Cannabinoid receptor 1 (CNR1) gene structure in relation to tag single nucleotide
polymorphisms (tSNPs) and pairwise linkage disequilibrium (D′) among 12 CNR1 tSNPs
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Figure 2.
Comparison of (a) frontal and (b) temporal lobe white matter volumes between patients with
and without marijuana abuse/dependence
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Figure 3.
Lobar white matter volume deficits (a, b and c), and cognitive impairment (Processing
Speed/Attention (d) and Problem Solving (e)) among rs12720071-G-allele carriers with
marijuana abuse/dependence (Abbreviations: cc, cubic centimeters; MJ Abuse/Dep,
Marijuana Abuse/Dependence; AA, rs12720071-A-allele homozygotes (N=156 and 44
without and with MJ Abuse/Dep respectively for brain volumes; N=144 and 43 without and
with MJ Abuse/Dep respectively for neurocognition); G-Carriers, rs12720071-G-allele
carriers (N=27 and 8 without and with MJ Abuse/Dep respectively for brain volumes and for
neurocognition)). Error bar represents standard deviation of the mean.
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Figure 4.
Lobar white matter volume deficits among rs7766029-C-allele homozygotes (a and b; CC,
rs7766029-C-allele homozygotes (N=46 and 15 without and with MJ Abuse/Dep
respectively); T-Carriers, rs7766029-T-allele carriers (N=137 and 37 without and with MJ
Abuse/Dep respectively)) and rs9450898-C-allele homozygotes (c and d; CC, rs9450898-C-
allele homozygotes (N=134 and 40 without and with MJ Abuse/Dep respectively); T-
Carriers, rs9450898-T-allele carriers (N=49 and 12 without and with MJ Abuse/Dep
respectively)) (Abbreviations: cc, cubic centimeters; MJ Abuse/Dep, Marijuana Abuse/
Dependence;). Error bar represents standard deviation of the mean.
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Table 1

Pairwise linkage disequilibrium (r2 below and D′ above diagonal) between 12 cannabinoid receptor 1 (CNR1)
tag single nucleotide polymorphisms (tSNP), SNP location on Chromosome 6q14-q15, and SNP allele
frequencies in 235 schizophrenia patients

*
indicated as distances from translation start site
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Table 3

Relationships* between 10 CNR1 tag SNPs and total cerebral brain volumes

Genotype Total Cerebral GM (p) Total Cerebral WM (p)

Uncorrected FDR-Adjusted Uncorrected FDR-Adjusted

rs806365 .43 .97 .61 .69

rs7766029 .01 .13 .01 .05

rs806366 .74 .99 .13 .29

rs806368 .99 .99 .82 .75

rs12720071 .80 .99 .02 .05

rs1049353 .58 .97 .36 .54

rs806374 .58 .97 .83 .75

rs806376 .23 .97 .23 .42

rs9450898 .56 .97 .005 .04

rs806380 .94 .99 .55 .69

*
Analysis of covariance (uncorrected and false discovery rate (FDR)-adjusted p-values) assessing the main effects of CNR1 genotype on total

cerebral GM or WM volumes (Covariates: Intracranial volume, age, sex, imaging protocol, antipsychotic treatment and alcohol/non-cannabis drug
abuse/dependence); GM: gray matter; WM: white matter
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Table 4

Follow-up analyses of relationships* between MRI lobar white matter brain volumes with CNR1 SNP
genotype, marijuana abuse/dependence and interaction term

Brain Volumes Independent measure rs12720071 rs7766029 rs9450898

Frontal WM

Genotype .01 .08 .03

Marijuana Use .01 .06 .09

G × MJ .11 .52 .80

Temporal WM

Genotype .05 .02 .05

Marijuana Use .01 .03 .25

G × MJ .27 .88 .08

Parietal WM

Genotype .09 .05 .0005

Marijuana Use .16 .87 .77

G × MJ .05 .86 .42

*
Analysis of covariance (p-value): Data are shown only for the 3 CNR1 tag SNPs (rs7766029, rs12720071, and rs9450898) which had statistically

significant main effects on total cerebral WM volumes (Covariates: Intracranial volume, age, sex, imaging protocol, antipsychotic treatment and
alcohol/non-cannabis drug abuse/dependence);

WM: White matter; Marijuana use: Patients with marijuana abuse/dependence versus patients without marijuana abuse/dependence; G × MJ:
Genotype by marijuana use grouping interaction term
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