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Heavy cannabis users display smaller amygdalae and hippocampi than controls, and genetic variation accounts for a large proportion of
variance in liability to cannabis dependence (CD). A single nucleotide polymorphism in the cannabis receptor-1 gene (CNR/), rs2023239,
has been associated with CD diagnosis and intermediate phenotypes, including abstinence-induced withdrawal, cue-elicited craving, and
parahippocampal activation to cannabis cues. This study compared hippocampal and amygdalar volumes (potential CD intermediate
phenotypes) between heavy cannabis users and healthy controls, and analyzed interactions between group, rs2023239 variation, and the
volumes of these structures. Ninety-four heavy cannabis users participated, of whom 37 (14 men, 23 women; mean age = 27.8) were
matched to 37 healthy controls (14 men, 23 women; mean age = 27.3) for case-control analyses. Controlling for total intracranial volume
and other confounding variables, matched cannabis users had smaller bilateral hippocampi (left, p =0.002; right, p =0.001) and left
amygdalae (p =0.01) than controls. When genotype was considered in the case-control analyses, there was a group by genotype
interaction, such that the rs2023239 G allele predicted lower volume of bilateral hippocampi among cannabis users relative to controls
(both p<0.001). This interaction persisted when all 94 cannabis users were compared to controls. There were no group by genotype
interactions on amygdalar volume. These data replicate previous findings of reduced hippocampal and amygdalar volume among heavy
cannabis users, and suggest that CNR| rs2023239 variation may predispose smaller hippocampal volume after heavy cannabis use. This

association should be tested in future studies of brain volume differences in CD.
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INTRODUCTION

Cannabis is the most frequently used illicit substance, and
questions have arisen regarding its effects on brain structure
and function (Iversen, 2003). Structural neuroimaging
studies have indicated that volumes of several brain areas
are smaller in heavy cannabis users (CU) (Ashtari et al, 2011;
Demirakca et al, 2011; Matochik et al, 2005; Wilson et al,
2000; Yucel et al, 2008). Across studies, reductions in
hippocampal and amygdalar volumes are most consistent
(Lorenzetti et al, 2010). Of these structures, hippocampal
volume appears to be particularly sensitive to heavy cannabis
use. Among heavy CU, hippocampal volume has been
negatively correlated with duration and amount of lifetime
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(Ashtari et al, 2011; Yucel et al, 2008) and recent (Cousijn
et al, 2012) use. Further, right hippocampal gray matter
volume and bilateral hippocampal gray matter concentration
have been inversely associated with the ratio of delta-9-
tetrahydrocannabinol (A’-THC), the primary psychoactive
component in cannabis, to cannabidiol, a cannabinoid
compound whose psychoactive effects may oppose those of
A°-THC (Bhattacharyya et al, 2010), in hair samples taken
from heavy CU, suggesting that hippocampal effects are
more likely among individuals who use cannabis with
greater relative A°-THC content (Demirakca et al, 2011).
Genetic variation is strongly related to the initiation and
maintenance of heavy cannabis use. Heritability estimates
range from 17-72% for having ever used cannabis, and from
33-76% for cannabis dependence (CD) (Agrawal and
Lynskey, 2006), which is characterized by the development
of cannabis tolerance and withdrawal, spending a great deal
of time obtaining and using cannabis, using it in larger
amounts or for longer periods than intended, continuing
use despite negative consequences, and unsuccessful efforts
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to control use. One candidate gene for CD, CNRI, encodes
for the type 1 cannabinoid receptor (CB1), a presynaptically
expressed Gi/G,-protein-coupled receptor that is densely
localized to the hippocampus, amygdala, prefrontal cortex
(PFC), striatum, and cerebellum (Herkenham et al, 1991).
A°-THC binds to CBI receptors and, acting as a retrograde
signaling molecule, enacts a variety of second-messenger
signaling cascades (Pazos et al, 2005; Szabo et al, 1998).
Of particular relevance to the development of addictive
behavior, CB1 receptors on GABAergic interneurons in the
ventral tegmental area disinhibit the mesocorticolimbic
dopaminergic pathways and increase dopamine release in
the nucleus accumbens (Cheer et al, 2004; Gessa et al, 1998;
Szabo et al, 2002), a mechanism common to most drugs
of abuse. CNRI variation has been associated with CD
diagnosis in several large samples (Agrawal et al, 2009;
Hartman et al, 2009; Hopfer et al, 2006), as well as with
other diagnostic substance use disorder (SUD) phenotypes
(for review see Benyamina et al, 2011).

Variants that have demonstrated association with CD and
SUD include seven single nucleotide polymorphisms (SNPs)
(rs806368, rs806379, rs806380, rs1049353, rs2023239,
rs6454674, and rs12720071) and a triplet repeat polymorph-
ism ((AAT),). A recent meta-analysis suggested the AAT,
repeat had the most consistent association with substance
dependence diagnosis (Benyamina et al, 2011). However,
association studies have not been well replicated, perhaps in
part due to their reliance on dichotomous diagnostic
phenotypes and the unknown functional relevance of some
of the variants (Agrawal and Lynskey, 2009). In contrast,
our own prior work has focused on rs2023239, a SNP that
may affect CB1 expression. This SNP encodes an A to G
substitution in the third exon of CNRI that appears to
engender an alternative splice variant of the gene (Zhang
et al, 2004). We have studied its association with CD
intermediate phenotypes, which may more closely reflect the
neurobiology of this disorder than diagnostic phenotypes. In
human postmortem brain tissue, the rs2023239 G allele is
associated with greater CB1 expression in PFC (Hutchison
et al, 2008). Among heavy CU, this allele is also associated
with greater withdrawal and craving for cannabis after short-
term abstinence, greater craving after cannabis cue exposure
(Haughey et al, 2008), and greater brain response to
cannabis cues in areas including the hippocampus, anterior
cingulate, and medial PFC (Filbey et al, 2010).

Given these findings, we investigated the effects of
rs2023239 variance on hippocampal and amygdalar vo-
lumes, which may represent an intermediate phenotype for
SUD (Benegal et al, 2007), among heavy CU and healthy
controls (HC). The current study had two aims: (1) to
compare the volumes of these structures between heavy CU
and HC; and (2) to analyze interactions between group,
rs2023239 variation, and the volumes of these structures.

MATERIALS AND METHODS
Participants

Ninety-four regular CU and 37 HC who had never used
cannabis regularly were recruited from the greater Albu-
querque, NM metro area. Thirty-seven CU were matched to
HC on the basis of gender, age, and years of education. After

CNRI hippocampus amygdala
JP Schacht et al

matching gender, the CU with the closest correspondence in
(1) age and (2) education was selected. Rs2023239 genotype
did not influence selection. We previously reported on
cannabis cue-elicited brain activation among a subset of the
CU (Filbey et al, 2009, 2010). The 37 matched CU-HC pairs
were used for the primary analyses. Because we anticipated
that only 30% of individuals would carry at least one copy
of the rs2023239 minor (G) allele, we also sought to
determine whether genotype effects were present when the
entire sample of CU, which included more G-allele carriers,
was considered. Hereafter, the 94 CU are referred to as ‘all
CU,’ and the 37 CU matched to HC as ‘matched CU.

Inclusion/Exclusion Criteria

All participants were required to be ages 18-50, right-
handed, English-speaking, free of neurological disorders
and psychotic symptoms, including all SUD (except
nicotine dependence and, for CU, cannabis use disorders),
as diagnosed by the Psychotic Symptoms and Substance Use
Disorders modules of the Structured Clinical Interview
for DSM-IV-TR, Research Version (First et al, 2002), and
free of magnetic resonance imaging (MRI) contraindica-
tions (ie, metallic implants, claustrophobia, pregnancy).
CU were required to report using cannabis at least 4 times
per week over the past 6 months, while HC were required to
report never having used cannabis regularly or other illicit
substances in the past 6 months. Some CU reported recent
infrequent (monthly or less) use of other illicit substances:
specifically, 24 CU reported hallucinogen use (of whom six
were matched CU), three reported ecstasy use, two reported
cocaine use, and one reported methamphetamine use (none
of those who reported ecstasy, cocaine, or methamphet-
amine use were matched CU).

Procedure

The University of New Mexico Human Research Review
Committee approved all procedures. The study comprised
two sessions separated by three days, during which
participants were instructed to abstain from cannabis use
(this provision was intended to increase reactivity to
cannabis cues during the second session). At the first
session, after providing informed consent, participants were
assessed and provided saliva and urine samples for DNA
and urine drug analyses, respectively. At the second session,
participants provided another urine sample and underwent
the MRI scan. All CUs’ urine was positive for A’-THC (cut-
off: 50ng/ml) and negative for other substances at both
sessions; all HCs’ urine was negative for all substances.
Participants were compensated for their participation.

Assessment

Demographic information was assessed with a question-
naire. Race/ethnicity category options were: Caucasian;
African-American; Asian-American; Latino; and Native
American. Past 90-day cannabis, alcohol, and nicotine were
assessed with the Timeline Follow-back (TLFB), a researcher-
administered, calendar-assisted interview (Sobell and
Sobell, 1992). IQ was assessed with the Wechsler Abbreviated
Scale of Intelligence (WASI;, Wechsler, 1999). Trained
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Table I Demographic and Substance Use Variables for Healthy Controls and Matched Cannabis Users by CNR |

rs2023239 Genotype

Matched cannabis

Health
y Test for difference

users (CU) controls (HC)
rs2023239 genotype (matched CU vs HC)
AIA AIG, G/IG Total AIA AlG, G/IG Total

N (% female) 22 (77%) I5 (40%) 37 (63%) 25 (60%) 12 (67%) 37 (63%) 2 (I, N=74)=0
Age 265 (8.8) 299 (8.5) 278 (87) 262 (7.6) 297 (82) 273 (79) t(72)=-028, ns
Racelethnicity, N (%)

Caucasian Il (50%) 10 (67%) 21 (57%) 16 (64%) 9 (75%) 25 (68%)

Latino 8 (36%) 3 (20%) Il (30%) 6 (24%) 2 (17%) 7 (19%) 1> 3, N=74)=542, ns

Other 3 (14%) 2 (13%) 5 (14%) 3 (12%) I (8%) 5 (14%)
Years of education 14.3 (2.0) 154 (2.9) 14.8 (2.5) 14.8 (1.6) 14.6 (1.4) 14.8 (1.5) t(60.1) = —0.02, ns®
WASI full scale 1Q 1072 (10.5) 107.6 (12.3) 1074 (10.9) 1.8 (10.0) 110.3 (10.2) 1113 (9.9) t(70) =159, ns
BDH-II 74 (7.1) 5(8.5) 7.1 (7.6) 6.7 (7.8) 113 (7.8) 82 (8.0) t(70) =0.60, ns
Cannabis use/week, days 59 (14) 5(12) 6.1 (1.3) 0 0 0 t(36.0)=—27.92, p<0.001*
Years regular cannabis use 8.6 (8.6) 12.2 (8.6) 10.1 (8.6) 0 0 0 t(36.0)=—7.08, p<0.001*
Age at first regular use 179 (2.6) 17.6 (4.1) 178 (32) — — — —
Smokers, N (%) 2 (9%) 3 (20%) 5 (14%) 0 0 0 % (I, N=74)=536, p<005
Drinks/drinking day 27 (2.1) 332 29 (22) 8 (1.4)° 1.9 (0.8)° 1.8 (1.2)° t(55.8) = —2.89, p<0.01*
Drinking days/month 6.5 (6.0) 79 (85) 7.1 (7.0) 4(4.8)° 1.8 (2.6)° 29 (43)° t(59.4) = —2.94, p<0.01*®
Total ICV, cm? 14364 (211.0) 1507.6 (2182) 14653 (213.9) 14673 (2414)  1493.1 (253.6) 1475.7 (242.2) t(72)=0.20, ns
L hippocampus volume, mm® 41280 (4783)  3996.1 (356.0) 40745 (432.5) 4245.6 (3989) 45478 (3702) 43437 (410.5) t(70) = —3.35, p=0.002
R hippocampus volume, mm?  4140.7 (467.6)  4069.1 (400.9) 41117 (4374) 42804 (4438) 4507.8 (368.1)  4354.2 (429.4) t(70) = —3.45, p=0.001
L amygdala volume, mm? 1610.1 (2053)  1597.1 (143.2) 1604.8 (180.5) 16938 (2268) 16760 (223.3) 16880 (222.7) t(70)=—2.55, p=0013
R amygdala volume, mm? 1594.6 (1368) 1627.7 (232.3)  1608.0 (232.3) 16732 (2247) 16593 (233.6)  1668.7 (224.4) t(70) =—1.86, p=0.066

Unless otherwise noted, figures are means (standard deviations).
?Equal variances not assumed.
PN =25 (A/A=

17, A/G and G/G = 8). ns, not significant; WASI, Wechsler Abbreviated Scale of Intelligence; BDI-Il, Beck Depression Inventory, 2nd edition; ICV,

intracranial volume. Tests for hippocampus and amygdala volume differences are statistics from HLMs with ICV and cigarettes per day covaried.

research assistants administered both measures. The TLFB
was not administered to 12 HC; these individuals reported
drinking fewer than 14 drinks per week (seven for women)
during a phone screen, but more detailed drinking data were
not available. Lifetime cannabis use was assessed with a
questionnaire, and depressive symptoms were assessed with
the Beck Depression Inventory, 2nd Edition (BDI-II; Beck
et al, 1996). Participants were considered cigarette smokers
if they reported smoking >10 cigarettes/day in the past 90
days. Demographic information, WASI and BDI-II scores,
substance use history, total intracranial volume (ICV), and
raw hippocampal and amygdalar volumes for HC and
matched CU are listed in Table 1 by rs2023239 genotype. The
same information for all CU is listed in Table 2.

Brain Imaging

Imaging was conducted with a 3T TIM TRIO scanner
(Siemens, Erlangen, Germany) and a multi-echo magneti-
zation prepared rapid gradient echo (MPRAGE) sequence
with the following parameters: repetition/echo/inversion
recovery times=2300/2.74/900ms, flip angle=281°, field
of view = 256 x 256 mm, slab thickness = 176 mm, matrix =
256 x 256 x 176, voxel size=1x1x1mm, number of
echoes=4, pixel bandwidth=650Hz, total scan time-
6 min. Before volumetric analysis, images were inspected to
ensure they were free of motion or obvious pathology.
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Volumetric Analysis

Hippocampal and amygdalar volumes were computed with
the FreeSurfer image analysis suite, v4.50 (http://surfer.
nmr.mgh.harvard.edu) (Fischl et al, 2004), which performs
automated cortical reconstruction and subcortical segmen-
tation by using a probabilistic atlas to assign one of 40
different tissue class labels to every voxel in the brain.
Briefly, this processing includes non-brain tissue removal,
automated Talairach transformation, subcortical gray/white
matter segmentation, intensity normalization, tessellation of
the gray matter/white matter boundary, automated topology
correction, and surface deformation following intensity
gradients between gray/white and gray/cerebrospinal fluid
borders. Total ICV was calculated using the atlas normal-
ization procedure implemented in FreeSurfer, which
correlates highly (r>0.9) with manual ICV measurement
(Buckner et al, 2004).

Genotyping

Genomic DNA was collected from saliva and extracted
according to modified standard procedures (Walker et al,
1999). Rs2023239 genotype was determined with an Applied
Biosystems (Life Technologies, Carlsbad, CA) thermocycler
and a Taqman (Invitrogen, Carlsbad, CA) polymerase chain
reaction assay, run in triplicate. Following convention for
this SNP (eg, Herman et al, 2006), individuals with at least
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All cannabis users (CU)

Test for difference

rs2023239 genotype (all CU vs HC)
AIA AlG, GIG Total

N (% female) 61 (28%) 33 (21%) 94 (27%) 2> (I, N=131)=1549, p<000I
Age 24.1 (7.0) 243 (7.7) 242 (74) t(129)=2.19, p<0.05
Racelethnicity, N (%)

Caucasian 38 (63%) 23 (70%) 61 (65%)

Latino 16 (26%) 7 (21%) 22 (24%) 7> 3 N=131)=608, ns

Other 7 (11%) 3 (9%) 10 (11%)
Years of education 132 (19) 137 (33) 134 (2.5) t(129)=3.17, p<0.005
WASI full scale 1Q 1068 (12.6) 107.7 (12.3) 107.1 (12.4) t(126) =181, ns
BDI-II 6.7 (6.6) 6.6 (6.8) 6.5 (6.5) t(126)=1.10, ns
Cannabis use/week, days 62 (1.3) 6.5 (1.3) 63 (1.3) (93.0) = —47.00, p<0.001*
Years regular cannabis use 6.9 (6.8) 74 (74) 6.9 (6.7) t(93.0)=—-9.81, p<0.001?
Age at first regular use 17.2 (2.6) 169 (2.9) 17.1 2.7) —
Smokers, N (%) 14 (23%) 4 (12%) 18 (19%) 2 (I,N=131)=821, p<00|
Drinks/drinking day 4.2 (2.8) 43 (3.7) 42 (3.1) (99.3) = —3.46, p<0.005*
Drinking days/month 6.6 (6.1) 82 (79) 72 (6.8) t(60.7) = —3.89, p<0.001*
Total ICV, cm’ 15989 (232.3) 15709 (193.6) 1589.1 (218.9) t(129)=—-2.59, p<0.05
L hippocampus volume, mm? 4321.6 (474.3) 41668 (401.2) 4267.3 (453.9) F(1,124) =842, p=0.004
R hippocampus volume, mm? 4319.2 (454.1) 4219.2 (406.8) 4284.1 (438.5) F(1,124) =775, p=0.006
L amygdala volume, mm? 1664.7 (178.8) 1622.3 (154.0) 1649.8 (170.9) F(1,124) =741, p=0.007
R amygdala volume, mm? 16639 (215.6) 16424 (206.2) 16563 (211.5) F(1,124)=227,p=0.13

Unless otherwise noted, figures are means (standard deviations).

?Equal variances not assumed. ns, not significant; WASI, Wechsler Abbreviated Scale of Intelligence; BDI-Il, Beck Depression Inventory, 2nd edition; ICV, intracranial

volume. Tests for hippocampus and amygdala volume differences are statistics from GLMs with age, gender, education, ICV and cigarettes per day covaried.

one copy of the G (minor) allele were compared to A/A
homozygotes. The rarity of the G allele precluded an
additive analysis for the effects of this allele.

Statistical Analysis

Between-groups comparisons of demographic and sub-
stance use variables and ICV were conducted with y* tests
and independent samples Student’s ¢-tests. When variances
were not equal between groups (Levene’s test), unequal
variances (Welch’s) t-tests were used.

To analyze the main effect of group (CU vs HC) on
hippocampal and amygdalar volumes, the 37 matched pairs
were compared using hierarchical linear modeling (HLM)
(Raudenbush and Bryk, 2002). HLM was used for this
analysis because of the paired case-control design; by
treating individuals as nested pairs, HLM allows more
robust estimation of between-groups differences than the
general linear model (GLM) or analysis of variance. In each
of four HLMs, at the first level, the volume of the right or
left hippocampus or amygdala was entered as the dependent
variable, and group (indicating whether the subject in each
pair was the CU or HC) was entered as the independent
variable. Because hippocampal and amygdalar volumes
scale with total ICV, this variable was entered as a first-level,
group-centered covariate, as was number of cigarettes per
day (to control for tobacco use). At the second level, the
intercept of each first-level model was allowed to vary

randomly, permitting each pair to have a different mean
volume. Full maximum likelihood estimation with robust
standard errors was used. To control for depressive
symptoms and alcohol use, these models were also run
with BDI-II score included as a first-level covariate, as well
as with drinks per drinking day and drinking days per
month included for the 25 pairs of subjects for whom full
drinking data were available.

To analyze the effects of group, genotype, and their
interaction on hippocampal and amygdalar volumes, the
GLM was used to compare both the matched pairs (among
whom rs2023239 genotype was not identically distributed,
precluding use of HLM) and all CU vs the 37 HC. Total ICV
was covaried in all models, and variables on which the
groups differed (ie, age, gender, education, and number of
cigarettes per day) were covaried. To control for depressive
symptoms and alcohol use, these models were also run with
BDI-II scores, drinks/drinking day, and drinking days/
month included as covariates.

To analyze associations among all CU between hippo-
campal and amygdalar volumes and years of regular
cannabis use, age of first cannabis use, and IQ, partial
correlation coefficients were computed, controlling for
gender, education, total ICV, BDI-II score, cigarettes/day,
drinks/drinking day, and drinking days/month. For all
analyses, an o level of p<0.05 was used. Effect sizes are
listed as Cohen’s d for main and simple effects and partial
n* for interactions.

Neuropsychopharmacology



CNRI hippocampus amygdala
JP Schacht et al

4500

3500 4

3000 4

2500

2000 4

Volume {(mm?)

1500 -

1000 -

500

* %

4 |

1 Healthy controls
M Cannabis users

L Hippocampus R Hippocampus

Figure |

L Amygdala

R Amygdala

Bilateral hippocampal and amygdalar volumes for cannabis users (CU) and matched healthy controls (HC). Data are means from the HLM for

each structure (% | standard error of the mean), controlling for ICV and tobacco use. The axial slice at top right shows the FreeSurfer-delineated amygdala
(light blue) and hippocampus (yellow) from a single participant (the reader is referred to the online version for references to color). **p <0.01 for difference

between CU and HC.

RESULTS
Sample Characteristics

CU reported using cannabis, on average, more than six days
per week. Most CU (33/37 of matched CU and 85/94 of all
CU) reported using cannabis daily, with an average of nearly
four uses per day (matched CU, M=3.9 (SD=3.5); all CU,
M =3.7 (2.7)). Matched CU reported having used cannabis
regularly for slightly longer than all CU, but this difference
was not significant when age was covaried, suggesting it
derived from the fact that matched CU were slightly older
than all CU. Both matched and all CU reported significantly
more alcohol use (drinks/drinking day and drinking
days/month) than HC, and were more likely to be cigarette
smokers. Additionally, all CU were, on average, significantly
younger, more male, and less educated than HC, and had
larger ICV, although there were no between-groups differ-
ences in ICV when gender was covaried (F(1,128)=0.001,
ns). Some data were not available for all participants;
specifically, WASI scores were missing for one HC and two
CU (of whom one was a matched CU), and BDI-II scores
were missing for three CU (of whom two were matched CU).

Integrity of Volumetric and Genetic Data

Hippocampal and amygdalar volumes were normally
distributed in all groups, and other assumptions of linear
modeling (ie, normality, independence, and homoscedasti-
city of errors) were met. For rs2023239, the HapMap allele
frequency for the G allele for a group of European descent
is 0.167, yielding expected genotype frequencies of 0.028
for G/G, 0.278 for A/G, and 0.693 for A/A. Consistent with
these expected frequencies, across all participants, actual
genotype frequencies were 0.008 for G/G (one participant,
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a CU), 0.344 for A/G, and 0.649 for A/A, and did not differ
by racial or ethnic group. Among both HC and CU,
the SNP was in Hardy-Weinberg equilibrium. Allele
frequency was not different between HC and matched
CU (1*(1, N=74) = 0.53, p = 0.47), nor between HC and all
CU (7*(1, N=131) = 0.084, p=0.77).

Matched CU vs HC

HLM results indicated that matched CU had smaller bilateral
hippocampi (left, #(70)=—3.35, p=0.002, d=0.71; right,
#(70)=—3.45, p=0.001, d=0.73) and left amygdalae
(#(70) = —2.55, p=0.01, d=0.50) than HC. On average, left
and right hippocampi were 6.9 and 7.1% smaller, respec-
tively, and left amygdala was 5.8% smaller among CU than
among HC. The difference in right amygdalar volume
between groups (5.6% smaller among CU) was in the same
direction but not significant (#(70)=—1.86, p=0.07,
d=0.41) (see Figure 1). These effects remained at the same
level of significance after BDI-II scores and drinking
variables were covaried.

Genotype Effects

For bilateral hippocampi, GLM results indicated a signifi-
cant group by genotype interaction when matched CU were
compared to HC, and also when all CU were compared to
HC (Figure 2 displays volumes for matched CU vs HC, and
Table 3 displays GLM statistics for interactions and simple
effects). For the matched samples, the simple effect of group
was significant in G-allele carriers, such that CU had smaller
bilateral hippocampal volumes (left, 14.6% smaller; right,
13.4% smaller) than HC. Among A-allele homozygotes,
there were no significant differences. The simple effect of
genotype was significant among HC for left hippocampus,
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Figure 2 Bilateral hippocampal volumes for cannabis users and matched healthy controls, by CNR/ rs2023239 genotype. Data are estimated marginal
means from the GLM for each structure (% | standard error of the mean), controlling for ICV, gender, age, education, and tobacco use. *p<0.05 for
interaction between group and genotype; **p<0.05 for difference between HC A-allele homozygotes and G-allele carriers; **#*p<0.00| for difference

between CU and HC G-allele carriers.

such that G-allele carriers had 6.8% larger volumes than
A-allele homozygotes, and approached significance in the
opposite direction among CU, such that G-allele carriers
had 6.3% smaller volumes. For right hippocampus, simple
genotype effects were in the same direction but not
significant among CU or HC. Significant simple effects
were similar for the analysis of all CU vs HC. These effects
also remained at the same level of significance after BDI-II
score and drinking variables were covaried.

For left amygdala, there was a significant main effect of
group, such that CU had smaller volumes, but no significant
group by genotype interaction or main effect of genotype.
For right amygdala, there were neither significant main
effects of group or genotype nor a group by genotype
interaction.

Associations with Other Variables

Among all CU, controlling for the confounding variables
listed above, partial correlations between hippocampal and
amygdalar volumes and years of regular cannabis use
ranged from —0.03 to 0.10, with all p values> 0.35. Partial
correlations between these volumes and age of first regular
use ranged from —0.19 to —0.10, with all p values>0.05.
None of these correlations differed by rs2023239 genotype.
Age was not covaried in these analyses because it was
strongly correlated with both years of regular use
(r(94) =0.93, p<0.001) and, interestingly, age of first
regular use (r(94) =0.29, p =0.005), suggesting that young-
er CU reported having started using cannabis regularly at an
earlier age. To determine whether years of regular use or age
of first regular use mediated the genotype by group
interactions reported above, we tested mediation models
among all CU in which each variable was added as a
predictor to a GLM that regressed hippocampal volume on
genotype, and found no evidence for mediation (ie, neither

variable significantly predicted hippocampal volume or
reduced the magnitude of the beta weight for genotype).
Since there were also no differences between A- and G-
allele-carrying CU on years of regular use (independent
samples t-test, 1(92) =—0.343, p=0.73) or age of first
regular use (#(92) —0.475, p =0.64), there was no evidence
that the G allele differentially predisposed early initiation or
long-term maintenance of heavy cannabis use. Hippocam-
pal and amygdalar volumes also did not have significant
partial correlations with WASI full-scale IQ (p>0.20).

DISCUSSION

This study tested hippocampal and amygdalar volume
differences between heavy CU and matched HC, as well as
interactions between these groups and variance at the
rs2023239 CNR1 SNP on the volumes of these structures.
Overall, there were medium-sized differences between CU
and HC in hippocampal and amygdalar volumes, and the
presence of the rs2023239 G allele moderated the hippo-
campal differences, with a large difference between HC and
CU among G-allele carriers. These findings suggest that a
common genetic variant may moderate volume differences
in medial temporal structures related to heavy cannabis use.

These data replicate previous findings of reduced
hippocampal and amygdalar volume among heavy CU,
relative to HC (Ashtari et al, 2011; Demirakca et al, 2011;
Matochik et al, 2005; Wilson et al, 2000; Yucel et al, 2008).
These structures may be particularly sensitive to cannabis
effects because of their density of CB1 expression (Herken-
ham et al, 1991; Yucel et al, 2008). The hippocampus, a
structure critical to learning and memory that is tightly
interconnected with reward-related areas including the
striatum, orbitofrontal cortex, and insula, underlies many
aspects of addictive behavior, including encoding and
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Table 3 Group by rs2023239 Genotype Interactions and Simple Effects of Group and Genotype

L hippocampus

R hippocampus

Matched cannabis users (CU) vs healthy controls (HC)

Group x genotype interaction
Simple effect of group
G-allele carriers: HC>CU

A-allele homozygotes: HC > CU

Simple effect of genotype

HC: G>A F(1,65)=5.02, p=0.03, d=0.78
CU:A>G F(1,65)=338, p=007, d=067
All CU vs HC

Group X genotype interaction

Simple effect of group
G-allele carriers: HC > CU
A-allele homozygotes: HC>CU

Simple effect of genotype
HC G>A
CU A>G

F(1,65)=8.14, p=0.006, partial n?=0.11

F(1,65)=16.87, p<0.001, d=1.63
F(1,65)=071, p=040, d=024

F(1,122) =7.41, p =0.007, partial 5> =0.06

F(1,122) = 15.69, p<0.001, d=1.38
F(1,122)=130, p=026,d=028

F(1,122)=5.05, p=0.03, d=0.75
F(1,122) =245 p=0.12, d=033

F(1,65)=5.70 p =0.02, partial > =0.08

F(1,65)=13.88, p<0.001, d= 1.48
F(1,65)= 123, p=027, d=032

F(1,65)=270, p=0.11,d=058
F(1,65)=3.11, p=008, d=06I

F(1,122) =3.78, p = 0.05, partial 5> = 0.03

F(1,122) = 10.05, p=0.002, d=1.10
F(1,122)=2.12, p=0.15,d=036

F(I,122) =254 p=0.11,d=053
F(1,122) =088, p =035, d=020

Statistics are from GLMs for effects of group (CU vs HC), rs2023239 genotype (G-allele carriers vs A-allele homozygotes), and their interaction on left and right

hippocampal volume. Significant interactions and simple effects are bolded.

retrieval of drug-related memories (Robbins et al, 2008),
conditioned place preference (Takano et al, 2010), and
context-dependent drug sensitization (Xia et al, 2011). In
animals, high doses of A’-THC are neurotoxic in the
hippocampus (Chan et al, 1998), where they decrease
neuronal density (Landfield et al, 1988). Relative differences
in the volume of a structure between groups may reflect
reduced neuronal or glial density, cell size, or synaptic
density (Yucel et al, 2008), and may derive from neuro-
toxicity, abnormal or attenuated neurogenesis, or premor-
bid (ie, before the onset of heavy cannabis use) differences.
Reduced hippocampal volume may underlie a variety of
symptoms of chronic heavy cannabis use, including deficits
in verbal learning and spatial working memory (Ashtari
et al, 2011; Rubino et al, 2009; Wise et al, 2009), while
reduced amygdalar volume may be related to alterations in
emotional processing among CU (Cornelius et al, 2010).
The interaction between rs202329 genotype and group on
hippocampal volume indicates that the G allele of this SNP
engendered smaller hippocampal volume only among CU;
among HC, G-allele carriers had larger bilateral hippocampi
than A-allele carriers. This result suggests the possibility of a
gene by drug interaction, such that cannabis exposure may
interact with CB1 receptors altered by rs2023239 in a manner
that decreases the volume of brain structures in which these
receptors are densely expressed. Ho and colleagues (Ho et al,
2011) recently reported a similar finding among individuals
with schizophrenia, some of whom also had cannabis use
disorders. They found that the presence of these disorders
and variation at rs12720071, a SNP in the untranslated region
of the fourth exon of CNRI, interacted in their effects on
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parietal white matter volume, such that rs12720071 genotype
predicted smaller volume only among individuals who also
had a cannabis use disorder. Given the fact that the
rs2023239 G allele putatively increases CBI1 expression in
PFC (Hutchison et al, 2008), this SNP is a plausible candidate
for a similar gene by drug interaction. However, it is also
possible that smaller hippocampal volume and rs2023239
genotype independently preceded heavy cannabis use in the
current study. Future longitudinal studies should determine
whether volumetric differences are a precursor to or a
consequence of heavy cannabis use.

In addition to our previous findings of association
between rs202329 variance and cannabis withdrawal,
craving, and cue-elicited brain activation (Filbey et al,
2010; Haughey et al, 2008), this SNP has been associated
with other SUD intermediate phenotypes, including greater
alcohol cue-elicited brain activation and greater subjective
reward after consuming alcohol (Hutchison et al, 2008),
greater alcohol craving at higher levels of alcohol consump-
tion (van den Wildenberg et al, 2007), greater trait
impulsivity (Ehlers et al, 2007), and, as part of a haplotype
block with other CNRI SNPs, greater severity of nicotine
dependence (Chen et al, 2008). Although these other studies
did not report participants’ cannabis use, it is highly
comorbid with alcohol and nicotine use. Further, endocan-
nabinoid signaling has widespread neural effects (Pazos
et al, 2005), particularly with regard to addictive behavior
(Onaivi, 2008). Thus, these associations are logical. The
current study adds to these previous findings by raising the
possibility, in light of the role of the hippocampus in
addictive behavior, that reduced hippocampal volume
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among rs2023239 G-allele carriers may account for some
variance in these associations. Future studies should further
interrogate the effects of rs2023239 and other CNR1 SNPs,
including CNRI haplotypes, on brain volume and other CD
intermediate phenotypes among cannabis users.

This study had several limitations. The HC sample, and
particularly the subset of HC with an rs2023239 G allele
(N=12), was relatively small, and outliers might have
contributed to the magnitude of the genotype by group
interactions. The associations reported here should be
confirmed in larger samples, perhaps including individuals
pre-screened on rs2023229 genotype to increase the number
of G-allele carriers. Additionally, while the matched analyses
compared age- and gender-matched groups, the larger CU
sample was younger and more male than HC, reflecting the
demographic characteristics of the broader CU population.
Age and gender were covaried in analyses that compared HC
to all CU, but analysis of covariance cannot entirely resolve
systematic between-groups differences. However, given that
women and older individuals have, on average, smaller
subcortical volumes, the fact that volumes were instead
smaller among younger and more male CU who were
rs2023239 G-allele carriers supports the strength of the
effect. Racial or ethnic differences between groups could also
have affected results; though there was no evidence of allelic
stratification by racial or ethnic group, genomic controls for
race and ethnicity were not used. However, when continuous
intermediate phenotypes, rather than dichotomous diagnos-
tic phenotypes, are used as outcome measures in candidate
genetic studies, population stratification may not represent
a significant threat to validity (Hutchison et al, 2004).
Nonetheless, these associations should be tested in larger
samples of racially or ethnically homogenous groups.
Further, CU had more alcohol and nicotine use than HC.
While inclusion of these factors as covariates did not alter
results, future research should use controls with more
alcohol and nicotine use, as the significant prevalence of
these behaviors among CU would likely preclude recruit-
ment of heavy CU who do not use these substances. Because
mood and anxiety disorders were not systematically
diagnosed, these factors could also have confounded
between-groups differences. Finally, while hippocampal
and amygdalar volumes were computed automatically with
FreeSurfer, rather than traced manually, FreeSurfer-com-
puted hippocampal and amygdalar volumes correlate highly
with manually traced volumes, with correlations for
hippocampus in excess of 0.8 (Morey et al, 2009).

In summary, this study confirmed previous findings of
association between heavy cannabis use and reduced
hippocampal and amygdalar volumes, and suggested that
reductions in hippocampal volume are moderated by a
common variant in CNRI, indicating a gene by drug
interaction on the volume of this structure. This association
should be confirmed in an independent sample, and may
merit consideration in future studies of the effects of heavy
cannabis use on brain structure and function.
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