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Abstract
Deficits in lentiform nucleus volume and morphometry are implicated in a number of genetically
influenced disorders, including Parkinson’s disease, schizophrenia, and ADHD. Here we
performed genome-wide searches to discover common genetic variants associated with differences
in lentiform nucleus volume in human populations. We assessed structural MRI scans of the brain
in two large genotyped samples: the Alzheimer’s Disease Neuroimaging Initiative (ADNI; N=706)
and the Queensland Twin Imaging Study (QTIM; N=639). Statistics of association from each
cohort were combined meta-analytically using a fixed-effects model to boost power and to reduce
the prevalence of false positive findings. We identified a number of associations in and around the
flavin-containing monooxygenase (FMO) gene cluster. The most highly associated SNP,
rs1795240, was located in the FMO3 gene; after meta-analysis, it showed genome-wide
significant evidence of association with lentiform nucleus volume (PMA=4.79×10−8). This
commonly-carried genetic variant accounted for 2.68 % and 0.84 % of the trait variability in the
ADNI and QTIM samples, respectively, even though the QTIM sample was on average 50 years
younger. Pathway enrichment analysis revealed significant contributions of this gene to the
cytochrome P450 pathway, which is involved in metabolizing numerous therapeutic drugs for
pain, seizures, mania, depression, anxiety, and psychosis. The genetic variants we identified
provide replicated, genome-wide significant evidence for the FMO gene cluster’s involvement in
lentiform nucleus volume differences in human populations.
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Introduction
The lentiform nucleus is a lens-shaped, bilateral structure in the basal ganglia bounded by
the internal and external capsules. It has three components: the internal and external globus
pallidus (Diamond et al. 1985) and the putamen (Fig. 1). The putamen receives dense
corticostriate projections from throughout the cortex and funnels information to the external
and internal globus pallidus through dense intrabasal ganglionar fibers (Snell 2010). In
addition, fibers from the internal globus pallidus project to several thalamic nuclei and
continue back to the cortex, primarily to premotor area 6. These projections form the
cortico-striato-thalamo-cortical loop, which is involved in initiating and terminating
movements (Snell 2010). Both the globus pallidus, and the putamen especially, receive
dopamine-rich connections from the substantia nigra—the main source of dopamine for the
basal ganglia (Snell 2010). Dopamine projections to the basal ganglia are part of the brain’s
reward circuitry (Schultz 2002).

The lentiform nucleus is implicated in several heritable degenerative and psychiatric
disorders. Its role in movement disorders was first identified in studies of hepatolenticular
degeneration (Wilson 1912)—a disorder that affects both the liver and the lentiform nucleus.
Deficits in lentiform nucleus volume have been observed in Parkinson’s disease (Dexter et
al. 1991; Obeso et al. 2000), Huntington’s disease (Marsden et al. 1983; Reiner et al. 1988),
and normal aging (Raz et al. 2003). More subtle differences in lentiform nucleus volume are
reported in some but not all studies of bipolar disorder (Arnone et al. 2009; Kempton et al.
2008; Strakowski et al. 1999), attention deficit hyperactivity disorder (Castellanos et al.
1996; Ellison-Wright et al. 2008) and schizophrenia (Elkashef et al. 1994; Ellison-Wright et
al. 2008). Lesions in the midbrain tegmentum—which has reciprocal connections with the
lentiform nucleus—are associated with visual and auditory hallucinations (Cascino and
Adams 1986). In addition to its many links with known pathology, the lentiform nucleus is a
plausible target for genetic analysis, as its volume is highly heritable (Kremen et al. 2010)
and can be reliably measured using automated segmentation methods (Morey et al. 2010).

Building on prior studies, here we performed an unbiased genome-wide association study
(GWAS) in two large independent cohorts to discover common genetic variants associated
with differences in lentiform nucleus volume. The term “unbiased” is often used to describe
the type of genetic analysis we performed—a genome-wide association scan—in which we
search the whole genome for statistical associations, rather than prioritizing or choosing only
a limited subset of variants, such as candidate genes. Arguably, if the genetic loci
influencing a given trait are unknown, a broad survey of the genome may avoid missing
associations in regions that have no currently known relation to the trait. Association
statistics for the genetic variants were combined meta-analytically across two cohorts to
boost power and reduce the risk of false positive findings. We assessed both an elderly and a
young adult cohort to discover genes with robust associations throughout life.

Methods and materials
Subjects

We analyzed neuroimaging and genome-wide genotype data from two independent samples:
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) and the Queensland Twin Imaging
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Study (QTIM). The Alzheimer’s Disease Neuroimaging Initiative (ADNI) is a large
longitudinal study initiated in 2003 as a public-private partnership between the National
Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering
(NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies, and
non-profit organizations. The study aims for ADNI are to identify and investigate biological
markers of Alzheimer’s disease through a combination of neuroimaging, genetics,
neuropsychological tests and other measures in order to develop new treatments, track
disease progression, and lessen the time required for clinical trials. The study was conducted
according to the Good Clinical Practice guidelines, the Declaration of Helsinki, and U.S. 21
CFR Part 50— Protection of Human Subjects, and Part 56—Institutional Review Boards.
Written informed consent was obtained from all participants before protocol-specific
procedures were performed. Further information on inclusion criteria and the study protocol
may be found online (http://adni-info.org/). Baseline structural MRI scans and genetic data
were available for 818 subjects (as of August 1, 2011) from the public ADNI database
(http://www.loni.ucla.edu/ADNI/). Here we analyzed all ADNI subjects as a single group, to
exploit the broader phenotypic continuum (Petersen 2000) and increase power (Durston et
al. 2005; Stein et al. 2010). Some subjects were excluded to eliminate problems caused by
population stratification (Lander and Schork 1994; McCarthy et al. 2008) using multi-
dimensional scaling as outlined previously for the same dataset (Stein et al. 2010). The
remaining sample had 742 Caucasian subjects left for the analysis; this represented the
largest homogeneous group attainable from the ADNI cohort. After removing subjects by
applying quality control criteria to the lentiform nucleus segmentations (discussed below),
the final ADNI dataset consisted of 706 subjects (average age± s.d.: 75.5±6.8 years; 413
men/293 women) including 162 patients with AD (75.6±7.6 years; 88 men/74 women), 346
with mild cognitive impairment or MCI (75.0±7.3 years; 221 men/125 women), and 198
healthy elderly controls (76.1± 4.8 years; 104 men/94 women).

The Queensland Twin Imaging Study (QTIM) is an ongoing, 5-year longitudinal project
tasked with identifying genetic influences on brain structure. As of August 1, 2011 there
were 672 subjects with both structural MRI scans and genome-wide genotyping data. An
additional 40 subjects underwent repeated scans, which we used to verify the reliability of
the segmentation algorithm. Each member of every twin pair and their siblings was assessed
via extensive diagnostic interviews to exclude anyone with a history of brain related
disorders, diseases, or injuries. To avoid problems caused by population stratification in this
Caucasian sample, 10 subjects were removed from the QTIM sample, as determined by
MDS analysis. All subjects were right-hand dominant as determined by Annett’s
Handedness Questionnaire (Annett 1970). Written informed consent was obtained from all
participants before protocol-specific procedures were performed. After quality control of the
lentiform nucleus segmentations (discussed below), the final group we analyzed consisted of
639 subjects from 364 families (98 monozygotic twin pairs; 127 dizygotic twin pairs; 3
dizygotic triplet trios; 117 singletons; 63 siblings; 23.1±3.1 years; 251 men and 388
women).

Genotyping and imputation
Genome-wide genotype data were collected using the Human610-Quad BeadChip (Illumina,
Inc., San Diego, CA) in both samples. Several SNPs were excluded from the analysis based
on standard filtering criteria, as is standard in many other GWAS studies (Wellcome Trust
Case Control Consortium 2007). In the ADNI sample, SNPs were excluded based on: call
rate <95 % (42,176 SNPs removed), significant deviation from Hardy-Weinberg equilibrium
P<1×10−6 (263 SNPs removed), minor allele frequency <0.01 (60,919 SNPs removed),
autosomal chromosomes only, and a platform-specific quality control score of <0.15 to
eliminate “no call” genotypes (variable number of missing genotypes across subjects).

Hibar et al. Page 4

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://adni-info.org/
http://www.loni.ucla.edu/ADNI/


Similarly, in the QTIM sample SNPs were excluded based on: call rate <95 % (8,447 SNPs
removed), significant deviation from Hardy-Weinberg equilibrium P<1×10−6 (2,841 SNPs
removed), minor allele frequency <0.01 (33,347 SNPs removed), and a platform-specific
quality control score of <0.07 to eliminate “no call” genotypes (variable number of missing
genotypes across subjects). Also, we chose to focus only on autosomal SNPs rather than
those in mitochondrial DNA and sex chromosomes.

Imputation of hard genotype calls may be used to infer missing values based on the linkage
among SNP sets. In addition, imputation may be used to infer SNPs not directly genotyped
in a given sample, but genotyped in a reference dataset. The quality of imputed SNPs
depends on the strength of the linkage between hard genotyped SNPs and the imputed SNPs.
In ADNI, we excluded any SNPs imputed with an R2 value of <0.3 from the analysis
(62,053 SNPs removed); the same steps were taken for the QTIM (54,337 SNPs removed).
We also excluded imputed SNPs with a minor allele frequency of <0.01 for both the ADNI
(45,818 SNPs removed) and QTIM (38,481 SNPs removed). For each sample, we performed
imputation with MaCH, which uses the Markov Chain Monte Carlo method to infer missing
genotypes and SNPs robustly and accurately (Abecasis et al. 2010). After all rounds of
quality control filtering, the ADNI dataset had 2,449,382 SNPs and the QTIM dataset had
2,439,807 SNPs. We analyzed the set of overlapping SNPs present in both datasets, totaling
2,380,200 SNPs.

Image acquisition and pre-processing
High-resolution structural brain MR images were collected from both the ADNI and QTIM
samples. Structural MRI scans in the ADNI study were obtained using a standardized
protocol to maximize consistency across 58 image acquisition sites, using 1.5 Tesla MRI
scanners. A T1-weighted 3D MP-RAGE sequence was used (TR/TE=2400/1000 ms; flip
angle=8°; FOV=24 cm; with a final voxel resolution= 0.9375×0.9375×1.2 mm3).

In the QTIM cohort, structural MRI scans were obtained on a single 4 Tesla scanner (Bruker
Medspec). T1-weighted images were acquired with an inversion recovery rapid gradient
echo sequence (TI/TR/TE=700/1500/3.35 ms; flip angle=8°; slice thickness=0.9 mm, with a
256×256 acquisition matrix; with a final voxel resolution=0.9375×0.9375×0.9 mm3).

Skull and all other non-brain tissues were removed from each subject’s scan using the brain
extraction tool (Smith 2002) (BET) prior to analysis. Test-retest data were also available for
40 young normal individuals scanned on two occasions approximately 4 months apart.

Automated delineation of lentiform nucleus volume
We delineated the lentiform nucleus structures using the well-validated, automated FIRST
segmentation algorithm (http://www.fmrib.ox.ac.uk/fsl/first/index.html), which is part of the
FSL (Smith et al. 2004) image processing package. Morey et al. (2010) showed that the
FIRST segmentation algorithm has relatively high reproducibility and accuracy for each of
the subcortical structures segmented. Using a Bayesian framework, FIRST provides accurate
and validated segmentations of subcortical brain structures (Patenaude et al. 2011).

Quality control of lentiform nucleus segmentation
The quality of segmentations was assessed by examining the left and right globus pallidus
and putamen separately; these were checked by hand (by DPH) following established
guidelines (Duvernoy and Bourgouin 1999). If any segmentation did not properly delineate
any single structure the subject was removed from the analysis. After quality checking, 36
subjects were excluded from the ADNI sample and 23 subjects were excluded from the
QTIM sample. As a further measure of segmentation quality, we examined the consistency
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of independent runs of the FIRST algorithm on repeated scans of 40 subjects, taken a short
interval apart. The reliability of lenti-form nucleus segmentation was tested by computing
intraclass correlation coefficients (ICC) from the 40 repeated scans. All ICC calculations
were performed using the psy package in the R statistical software (version 2.13.0; http://
www.r-project.org/).

Heritability analysis
To evaluate the overall genetic contribution to the variability in volumes, the heritability of
the lentiform nucleus volume was estimated using a structural equation model (SEM) as
implemented in the software package, Mx (version 1.68; http://www.vcu.edu/mx/).
Heritability was estimated using the classic pathway-based ‘ACE’ model (Chiang et al.
2012; Neale et al. 1992). In families from the full QTIM sample, we used this analysis to
compare the observed pattern of covariances in lentiform nucleus volume to what would be
expected given different degrees of genetic influence. The heritability of the left, right, and
average bilateral lentiform nucleus volumes were analyzed separately. We chose to study the
average bilateral lentiform nucleus because it shows higher heritability than the left and right
lentiform nucleus separately and because the inevitable segmentation errors should be a
smaller proportion of the total volume if both sides are combined. Additionally, we
estimated the genetic correlation (rg) between the putamen and globus pallidus volumes
using Mx in the full QTIM sample.

Genetic analysis
In the ADNI sample, we tested each SNP dosage value for association with the lentiform
nucleus volume, assuming, by default, an additive model - each SNP dosage value was
recorded as the number of minor alleles, with an implicit correction for the accuracy of
imputation at that SNP. Tests of association were conducted using linear regression as
implemented in the publicly available program, mach2qtl (Abecasis et al. 2010). We
controlled for age and sex, which both showed significant effects on lentiform nucleus
volume. We also covaried for age2, sex × age, and sex × age2 to account for any quadratic or
interaction effects. In addition we controlled for intracranial volume (ICV), calculated as 1/
(determinant) of the transformation matrix from registration to the FSL common template.
We chose to correct for head size because we are interested in individual differences in lenti-
form nucleus volume unrelated to differences in head size (Buckner et al. 2004). In the
QTIM sample, association testing was carried out using mixed-model regression, to control
for family structure. We also included the same covariates as in the ADNI model. Because
of the kinship structure of the twin sample, association tests in QTIM were conducted using
the family-based association test implemented in merlin (Chen and Abecasis 2007).

Meta-analysis of genetic results
Genome-wide association results from the ADNI and QTIM samples were meta-analyzed
using a fixed effects inverse variance-weighted method, as implemented in METASOFT
(Han and Eskin 2011). Beta coefficients from the regression analysis of each SNP from both
studies were pooled based on the inverse of the variance of each beta coefficient. In addition
to the standard fixed-effects meta-analysis, we performed a random-effects meta-analysis in
METASOFT. The random-effects meta-analysis still follows the inverse variance-weighted
model, but can more appropriately model the population statistics in cases where the effect
size is not the same across cohorts (Han and Eskin 2011).

Gene-based tests and pathway enrichment analysis
The meta-analyzed PMA-values from the full set of SNPs from the GWAS analysis were
used for gene-wide, gene-based association testing with the software package KGG (Li et al.
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2010). No prioritizing or pre-selection of genes was performed. Gene-based tests in KGG
combine univariate association statistics to evaluate the cumulative evidence of association
in a gene with a phenotype, using the GATES-Simes test (Li et al. 2011). Similarly, KGG is
integrated with biological pathway databases (e.g., KEGG) and combines gene sets to test
for significant enrichment of a number of disease and biological pathways (Li et al. 2011).
Pathways are considered to be significantly enriched if they contain more significant gene-
based test statistics than expected by chance.

Results
Lentiform nucleus segmentations

In the ADNI sample, the volumes of the left (6422.2± 723.9 mm3) and right (6450.9±686.9
mm3) lentiform nucleus were highly correlated (r=0.83; P<0.0001; df=704). Similarly, in the
QTIM sample the volumes of the left (6554.4±744.8 mm3) and right (6729.5±765.4 mm3)
lenti-form nucleus were highly correlated (r=0.84; P<0.0001; df0637). Both samples have a
slight asymmetry between left and right lentiform nucleus volume. In the ADNI sample the
right lentiform nucleus was 0.4 % larger on average than the left. Similarly, in the QTIM
sample the right lentiform nucleus was 2.6 % larger on average than the left. This follows a
general trend in the brain where bilateral subcortical structures are slightly larger in the right
hemisphere (Toga and Thompson 2003). As expected, because the cohort is younger, the
average volumes for the QTIM sample were larger than the ADNI sample (Left: t=3.30;
P=0.0010; Δ2.0 %; Right: t=7.00; P<0.0001; Δ4.1 %; Average Bilateral: t=5.37; P<0.0001;
Δ3.1 %).

Reliability of lentiform nucleus segmentation
To examine how reliable the automated segmentations were, when measured by FIRST, we
obtained repeated scans for 40 subjects from the QTIM sample (time between scans: 120±
55 days) and applied the FIRST algorithm to each scan separately. Using the intraclass
correlation coefficient (ICC), we found the FIRST segmentations to be very highly reliable
for the left (ICC=0.922), right (ICC=0.890), and average bilateral (ICC=0.928) lentiform
nucleus volumes (Fig. 2).

Heritability of lentiform nucleus volume
Using twin and family data from the QTIM, we modeled the additive genetic effects (A),
effects of the common environment shared by both twins (C), and unique environment
effects and experimental error (E). The components of the ‘ACE’ model are used to estimate
the amount of variance in a measure that can be ascribed to purely genetic influences (its
heritability). Lentiform nucleus volume is highly heritable (between 70 and 80 %) as has
been found for many other structures in the brain (Kremen et al. 2010) (Table 1). The
heritability of the lentiform nucleus volume is also evident in a scatterplot showing the
similarity among twin pairs, monozygotic twins (black dots) have more similar lentiform
nucleus volumes in general compared to dizygotic twins (open dots; Fig. 3). The genetic
correlation (rg) is the proportion of the observed variance between two traits that can be
explained by common genetic influences (Neale et al. 1992). As the structures of the
lentiform nucleus are closely related, we expect them to share common genetic
determinants. Indeed, the genetic correlation between the putamen and globus pallidus was
high: rg=0.54 (95 % CIs 0.39, 0.82) for the left and rg=0.56 (95 % CIs 0.40, 0.69) on the
right. In addition, the genetic correlation between the left and right lentiform nucleus reveals
that the volume of the structure on each side has almost perfect overlap in its genetic
determinants: rg=0.93 (95 % CIs 0.88, 1.00).
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Genome-wide association testing
As the lentiform nucleus is involved in a number of brain disorders and its volume is
heritable, we conducted genome-wide tests of association on a large set of SNPs from the
two independent cohorts to identify genetic variants that help to explain the considerable
genetic influence on lentiform nucleus volume. Q-Q plots of the distribution of P-values for
each individual sample show that the association statistics are approximately Normal (Fig.
4). Genomic inflation factor values (lambda) indicate that the distribution of P-values is
unbiased and that the results are not likely to be attributable to population stratification.

Meta-analysis
Test statistics from each study were combined meta-analytically to increase the power to
detect real effects and to reduce false positives. Beta values, and their standard error, for
SNPs from each regression model were combined across samples. The signs of Beta values
were determined based on the reference allele in each study and combined using a fixed-
effects, inverse variance-weighted meta-analysis (Han and Eskin 2011). Meta-analysis is
preferred in this case, as opposed to combining all subjects into a single combined analysis,
as the two samples have very different age distributions, image acquisition parameters, and
the QTIM is a family-based study that requires complex regression methods (to account for
kinship).

In the Manhattan plot of the P-values from each meta-analysis, a number of promising
genetic variants were associated with lentiform nucleus volume, including one SNP that
exceeds the standard, nominal genome-wide significance level P<5×10−8 after meta-analysis
(Fig. 5). A list of the top SNPs from each analysis with a meta-analyzed P-value (PMA)
threshold of PMA<1×10−6 is given in Table 2.

A broad band of SNPs shows high association with lenti-form nucleus volume in the flavin-
containing monooxygenase gene cluster on chromosome 1 (Fig. 6). The most highly
associated SNP, rs1795240, is located approximately 5 Kb outside of the flavin-containing
monooxygenase 3 (FMO3) gene. It shows genome-wide significant associations with
lentiform nucleus volume (PMA04.79×10−8). Individual association statistics for rs1795240
show significance in both the ADNI (β=−143.48; SE(β)=28.15; minor allele=A;
P=3.46×10−7) and QTIM (β=−76.57; SE(β)=30.12; minor allele=A; P=0.011) samples. The
observed effect is likely greater in the ADNI sample due to the greater sample size, but the
effect may also increase with age or disease. Additionally, the second most associated SNP,
rs1795243 (PMA08.76×10−8), lies in an untranslated region of the FMO6P pseudogene. The
variant rs1795243 shows strong evidence for association in both samples (ADNI: β=
−141.44; SE(β)028.53; minor allele0C; P07.12×10−7; QTIM: β=−76.805; SE(β)=30.20;
minor allele=C; P=0.011). Additionally, a number of the top hits were located in GATAD2B
and EPB41L2 among others (detailed in Table 2). After controlling for diagnosis in the
ADNI sample, there was little change in observed P-values (See the Pdiag column in Table
2). Two dummy variables were added as covariates to the regression model to account for
each of the three different diagnostic categories in the ADNI sample. This was not necessary
in the QTIM sample, as they are all healthy young adults. The random effects meta-analysis
of these same SNPs gave nearly identical results to the fixed-effects meta-analysis (see Fig.
7).

Gene-based tests and pathway analysis
The genes FMO3 (P=1.03×10−6) and FMO6P (P=1.32× 10−6) exceed the nominal gene-
wide significance level of P<5×10−6. A number of other genes show promising evidence of
association with lentiform nucleus volume: SLC39A1 (P=7.56×10−6), DENND4B
(P=1.53×10−5), GATAD2B (P=2.25×10−5), and FOXF2 (P=9.59×10−5). Pathway

Hibar et al. Page 8

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enrichment analysis in KGG reveals seven pathways that exceed the nominal significance
level for pathway enrichment (5×10−4) including the reactome phase 1 functionalization
pathway (P=1.34×10−5) and the KEGG drug metabolism pathway of cytochrome P450
(P=5.66×10−5). Additional results of the pathway analysis are given in Table 3.

Discussion
In this study, we identified specific genetic variants associated with differences in lentiform
nucleus volume in two large independent samples, including both young and elderly subjects
(N=1345). We were well powered to find genetic variants that explain some of the
heritability of the lentiform nucleus volume, with one SNP exceeding the nominal genome-
wide significance threshold. Our two cohorts differed in many ways, but mainly in mean age
(50 years). Despite the differences, we identified a number of variants with compelling
evidence for association in both samples. Associations were detectable despite differences in
study protocols; the genes implicated may therefore have a statistical effect on lentiform
nucleus volume throughout life. Further replication in independent samples (e.g. as in Stein
et al. 2012 and Bis et al. 2012) and examination of functional relevance will still be required
to further support a causal role for these variants.

We originally chose to study the lentiform nucleus as it is implicated in several genetically
mediated disorders including Parkinsonian syndromes, Huntington’s disease, Wilson’s
disease, Tourette’s syndrome, and ADHD. While the putamen is more similar to the caudate
histologically, the putamen and globus pallidus are linked by dense intrabasal ganglionar
fiber projections. In addition, the genetic correlations between the two structures of the
lentiform nucleus were very high (rg=0.56 and rg=0.54, for left and right, respectively). This
high genetic correlation means that the two structures share many common genetic
determinants. This provided empirical support for analyzing the two structures together, in
addition to our theoretical reasons for choosing to study the lentiform nucleus. Even so, we
note that other natural groupings of structures may be beneficial for future assessment.
Although we opted to combine the putamen and globus pallidus, the putamen is functionally
more related to the caudate, and together they make up the striatum, which receives afferent
projections from large parts of the cortex. In the future, when a broad range of subcortical
segmentations are available in large family-based samples, it will be possible to perform
genetic clustering to determine logical groupings of subcortical nuclei with coherent genetic
determination (C. H. Chen et al. 2012; Chiang et al. 2012). By clustering regions with
overlapping genetic determinants, it should be possible to boost the power to detect
underlying genetic determinants via GWAS (as shown by (Chiang et al. 2012). In addition,
variance component modeling performed in the QTIM sample shows that the left and right
lentiform nucleus volume are around 70–80 % heritable (see Table 1). This agrees with
published heritability estimates for the putamen and globus pallidus (Kremen et al. 2010;
Peper et al. 2007). We examined the reliability of lentiform nucleus segmentations by
processing repeated scans in 40 subjects from the QTIM sample. The resulting volumes
were highly reliable using the automated FSL FIRST software (Patenaude et al. 2011)(Fig.
2), and the reproducibility also agrees with prior estimates (Morey et al. 2010).

A wide band of SNPs from the flavin-containing monooxygenase (FMO) gene cluster on
chromosome 1 showed significant evidence of association in both samples and after meta-
analysis, with one SNP exceeding the nominal genome-wide significance level. The FMO
gene cluster consists of five tightly-spaced genes (FMO1–4 and FMO6P) responsible for the
metabolism of trimethylamine, methionine, and cysteamine as well as a number of
therapeutic medications including tamoxifen, ranitidine, sulindac, and itopride (Williams et
al. 2004). Additionally, the FMO gene cluster is involved in the oxidation of certain
environmental toxicants like insecticides and aldicarb (Krueger and Williams 2005). Of the
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genes in the FMO gene cluster, FMO1 and FMO3 have been studied extensively. Carriers of
a number of common genetic variants have reduced efficacy metabolizing certain drug
substrates (Koukouritaki et al. 2002; Overby et al. 1997; Yeung et al. 2000). The role of the
FMO gene cluster in the metabolism of common environmental toxicants suggests a
common underlying mechanism that might yield association results in the young, healthy
population of twins that overlaps with association we found in our sample of elderly controls
and patients. It is unlikely that the association in these samples were driven by the use of
therapeutic medications such as opiates or anti-depressants, as most participants were
healthy. Follow up studies are still needed to determine whether commonly used substances,
such as alcohol, nicotine, commonly abused drugs, or anti-inflammatory drugs exert
detectable and systematic anatomical effects on structures in the reward circuitry, and if they
lead to any detectable changes in FMO gene expression.

The most highly associated SNP, rs1795240, is located just downstream of the FMO3 gene.
A number of common genetic variants in the FMO3 gene have been linked with decreased
catalytic activity and the disorder trimethylaminuria (Hines 2006; Koukouritaki et al. 2007).
The FMO3 gene is expressed mainly in the liver but also in the human brain, and may affect
how numerous therapeutic drugs are metabolized by the central nervous system (Cashman
and Zhang 2002). In addition, an analysis of the Allen Brain Atlas (http://human.brain-
map.org/) shows that FMO3 is differentially expressed in the posterior portion of the lenti-
form nucleus (Fig. 8).

The second most highly associated SNP, rs1795243, was found in the FMO6P pseudogene,
which is transcribed into mRNA, but not translated into a protein product (Hines et al.
2002). Pseudogenes are not ultimately converted to proteins, but can act as regulatory
elements and are under evolutionary control (Poliseno et al. 2010; Wen et al. 2011). The
exact mechanism of action of the FMO6P pseudogene is still unknown, but the associations
identified in this study may make it an ideal candidate for future genetic studies of
neurodegenerative disorders and functional tests of FMO6P mechanistic effects. Previously,
a large case-control GWAS study found mild evidence of association of the FMO6P gene
with schizophrenia (Athanasiu et al. 2010).

Gene-based test statistics confirmed the association of FMO3 and FMO6P with lentiform
nucleus volume—as found in the univariate study—with both genes exceeding the nominal
gene-wide significance level. The gene-based tests also promoted SLC39A1 to a higher
significance level (P=7.56×10−6) than might be expected compared to the other genes in the
univariate SNP GWAS. The role of SLC39A1 is very well studied. It is expressed in the
brain and is involved in maintaining an appropriate zinc concentration inside the blood-brain
barrier (Bobilya et al. 2008). Pathway enrichment analysis, performed with KGG, combines
gene-based test statistics to examine whether known disease and biological pathways are
over-represented in the gene sets from our analysis, relative to what might be expected by
chance. In all, there were seven biological pathways that reached significance (see Table 3).
The most significant pathway, reactome phase 1 functionalization, supports the many studies
suggesting that the FMO3 gene is involved in processing environmental toxins (Krueger and
Williams 2005; Williams et al. 2004). The next most significant pathway, KEGG drug
metabolism pathway of cytochrome P450, involves the cytochrome P450 superfamily of
enzymes responsible for metabolizing numerous drugs including codeine, morphine,
carbamazepine, citalopram, and clozapine (Hines et al. 2008). Cashman and Zhang showed
that FMO3 is expressed in various regions throughout the brain including in the striatum
(Cashman and Zhang 2002). Earlier studies using human microsomes showed that numerous
brain tissues actively metabolize psychoactive drug substrates including chlorpromazine,
imipramine and fluoxetine (Bhagwat et al. 1996; Bhamre et al. 1995). In addition, several
positron emission tomography studies have demonstrated significant differences in glucose
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metabolism in the lentiform nucleus in patient-versus-control comparisons of psychoactive
drugs like fluoxetine and chlorpromazine (Chen et al. 2009; Mayberg et al. 2000; Wik et al.
1989). Each of these studies lends credibility to the findings in this study and future
endeavors to further understand the mechanisms by which gene variants in the FMO gene
cluster may influence lentiform nucleus volume.

Several weaknesses of our study should be mentioned. First, we provide evidence for
association of genetic variants in the flavin-containing monooxygenase (FMO) cluster but
we do not yet know the mechanistic means by which they may change expression levels or
protein structures, or how they might affect lentiform nucleus volumes. Unfortunately,
functional and expression data are not yet available for either cohort, but they may be
available in future cohorts. Second, the two samples have very different mean ages (over 50
years). Combining data meta-analytically between groups penalizes SNPs that are
significant in one sample, but not the other. This analysis of two cohorts is a special case of
a meta-analysis, which tends to boost power to detect true positive associations by
aggregating information from multiple cohorts. Clearly the power to detect an association
with a given effect size depends on the available sample size, so in general the power is
increased by increasing the sample size alone. The power of a meta-analysis may be slightly
lower than that obtainable in a very large sample all scanned on the same scanner with the
same protocol, but practical limitations constrain how many subjects can be scanned and
genotyped at any one center, so multi-site efforts can be more efficient than studies at any
single site. In that case, meta-analyses may offer high power so long as the chosen
phenotypes are measured consistently and reliably across datasets. At the same time, meta-
analysis reduces the chance of false positives as it penalizes results that are not consistently
detectable across sites; in other words, it finds effects that are known to generalize to other
cohorts, and less likely to be spurious associations attributable to the genetic diversity or
particular ascertainment or sampling of any one cohort. In cases where the genetic
expression has a compact temporal expression pattern, our analysis may lead to false
negatives, as an effect could be detected in one sample but not the other. The genes
identified in our analysis should be thought of as those associated with lentiform nucleus
volume throughout life. Genetic variants that were not associated with lentiform nucleus
volume could certainly still be involved in cellular or functional differences, so the findings
must be interpreted recognizing the power and limitations of the study. Third, the proportion
of the sample variance explained by the top SNP, rs1795240, is relatively small (ADNI: 2.68
%; QTIM: 0.84 %). However, a SNP that explains 1–3 % of the overall variability is
comparable to the strongest SNP effects observed for other complex traits in even larger
studies (Bis et al. 2012; Stein et al. 2012). The small effect sizes and complexity of
phenotypic traits mean that individual common SNPs will each probably explain a small
portion of the overall observed variability of a given trait. In addition, the proportion of
variability explained by the top SNP in each sample is different. Further exploration is
needed to determine age related effects ofFMO3 gene variants on lentiform nucleus volume.

The genetic variants identified in our analysis provide replicated, genome-wide significant
evidence for the FMO gene cluster’s involvement in lentiform nucleus volume. In addition,
gene-based tests and pathway enrichment analysis provide evidence of probable mechanistic
actions through which the variants in our analysis might affect lentiform nucleus volume.
Future study is still needed to explain the functional mechanisms of change.

Acknowledgments
Data collection and sharing for this project was funded by the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) (National Institutes of Health Grant (U01 AG024904). ADNI is funded by the National Institute on Aging,
the National Institute of Biomedical Imaging and Bioengineering, and through generous contributions from the
following: Abbott, AstraZeneca AB, Bayer Schering Pharma AG, Bristol-Myers Squibb, Eisai Global Clinical

Hibar et al. Page 11

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Development, Elan Corporation, Genentech, GE Healthcare, Glaxo-SmithKline, Innogenetics, Johnson and
Johnson, Eli Lilly and Co., Medpace, Inc., Merck and Co., Inc., Novartis AG, Pfizer Inc., F Hoffman-La Roche,
Schering-Plough, Synarc, Inc., as well as non-profit partners the Alzheimer’s Association and Alzheimer’s Drug
Discovery Foundation, with participation from the US Food and Drug Administration. Private sector contributions
to ADNI are facilitated by the Foundation for the National Institutes of Health (www.fnih.org). The grantee
organization is the Northern California Institute for Research and Education, and the study is coordinated by the
Alzheimer’s Disease Cooperative Study at the University of California, San Diego, CA, USA. ADNI data are
disseminated by the Laboratory for Neuro Imaging at the University of California, Los Angeles, CA, USA. This
research was also supported by NIH grants P30 AG010129, K01 AG030514, and the Dana Foundation. Algorithm
development for this study was also funded by the NIA, NIBIB, NICHD, the National Library of Medicine, and the
National Center for Research Resources (AG016570, EB01651, LM05639, RR019771, EB008432, EB008281 and
EB007813, to PMT). For QTIM we thank the twins for their participation, Kori Johnson and the radiographers for
MRI scanning and preprocessing the images, Marlene Grace and Ann Eldridge for twin recruitment, Daniel Park
for database support, Anjali Henders for DNA processing and preparation, Scott Gordon for quality control and
management of the genotypes. The QTIM study was supported by the National Institute of Child Health and
Human Development (R01 HD050735), and the National Health and Medical Research Council (NHMRC 486682,
1009064), Australia. Genotyping was supported by NHMRC (389875). DPH is partially supported by NSF grant
DGE-0707424. OK was supported by NIH NIA Grant F30AG041681 and the UCLA Graduate Division. JLS is
partially supported by a T32 post-doctoral training grant in Neurobehavioral Genetics. NJ was additionally
supported by NIH NLM Grant T15 LM07356. GM was supported by an NHMRC Fellowship 613667; GZ was
supported by an ARC Future Fellowship. AJS receives support from ADNI as well as NIA R01 AG19771, P30
AG10133 and U01 AG032984.

References
Abecasis GR, Li Y, Willer CJ, Ding J, Scheet P. MaCH: using sequence and genotype data to estimate

haplotypes and unobserved genotypes. Genetic Epidemiology. 2010; 34(8):816–834. [PubMed:
21058334]

Annett M. A classification of hand preference by association analysis. British Journal of Psychology.
1970; 61(3):303–321. [PubMed: 5457503]

Arnone D, Cavanagh J, Gerber D, Lawrie SM, Ebmeier KP, McIntosh AM. Magnetic resonance
imaging studies in bipolar disorder and schizophrenia: meta-analysis. [Meta-analysis Research
Support, Non-U.S. Gov’t Review]. The British Journal of Psychiatry: The Journal of Mental
Science. 2009; 195(3):194–201. [PubMed: 19721106]

Athanasiu L, Mattingsdal M, Kahler AK, Brown A, Gustafsson O, Agartz I, et al. Gene variants
associated with schizophrenia in a Norwegian genome-wide study are replicated in a large European
cohort. Journal of Psychiatric Research. 2010; 44(12):748–753. [PubMed: 20185149]

Bhagwat SV, Bhamre S, Boyd MR, Ravindranath V. Cerebral metabolism of imipramine and a
purified flavin-containing monooxygenase from human brain. [In Vitro Research Support, Non-U.S.
Gov’t Research Support, U.S. Gov’t, Non-P.H.S.]. Neuropsychopharmacology: Official Publication
of the American College of Neuropsychopharmacology. 1996; 15(2):133–142. [PubMed: 8840349]

Bhamre S, Bhagwat SV, Shankar SK, Boyd MR, Ravindranath V. Flavin-containing monooxygenase
mediated metabolism of psychoactive drugs by human brain microsomes. [Research Support, Non-
U.S. Gov’t]. Brain Research. 1995; 672(1-2):276–280. [PubMed: 7749747]

Bis JC, DeCarli CS, Smith AV, van der Lijn F, Crivello F, Fornage M, et al. Common variants at
12q14 and 12q24 are associated with hippocampal volume. Nature Genetics. 2012

Bobilya DJ, Gauthier NA, Karki S, Olley BJ, Thomas WK. Longitudinal changes in zinc transport
kinetics, metallothionein and zinc transporter expression in a blood-brain barrier model in response
to a moderately excessive zinc environment. [Research Support, N.I.H., Extramural]. The Journal of
Nutritional Biochemistry. 2008; 19(2):129–137. [PubMed: 18061429]

Buckner RL, Head D, Parker J, Fotenos AF, Marcus D, Morris JC, Snyder AZ. A unified approach for
morphometric and functional data analysis in young, old, and demented adults using automated
atlas-based head size normalization: reliability and validation against manual measurement of total
intracranial volume. NeuroImage. 2004; 23(2):724–738. [PubMed: 15488422]

Cascino GD, Adams RD. Brainstem auditory hallucinosis. Neurology. 1986; 36(8):1042–1047.
[PubMed: 3526177]

Hibar et al. Page 12

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cashman JR, Zhang J. Interindividual differences of human flavin-containing monooxygenase 3:
genetic polymorphisms and functional variation. Drug Metabolism and Disposition. 2002; 30(10):
1043–1052. [PubMed: 12228178]

Castellanos FX, Giedd JN, Marsh WL, Hamburger SD, Vaituzis AC, Dickstein DP, et al. Quantitative
brain magnetic resonance imaging in attention-deficit hyperactivity disorder. Archives of General
Psychiatry. 1996; 53(7):607–616. [PubMed: 8660127]

Chen WM, Abecasis GR. Family-based association tests for genomewide association scans. American
Journal of Human Genetics. 2007; 81(5):913–926. [PubMed: 17924335]

Chen CS, Chiang IC, Li CW, Lin WC, Lu CY, Hsieh TJ, Kuo YT. Proton magnetic resonance
spectroscopy of late-life major depressive disorder. [Comparative Study Research Support, Non-
U.S. Gov’t]. Psychiatry Research. 2009; 172(3):210–214. [PubMed: 19303260]

Chen CH, Gutierrez ED, Thompson W, Panizzon MS, Jernigan TL, Eyler LT, Dale AM. Hierarchical
genetic organization of human cortical surface area. [Research Support, N.I.H., Extramural
Research Support, Non-U.S. Gov’t Research Support, U.S. Gov’t, Non-P.H.S. Twin Study].
Science. 2012; 335(6076):1634–1636. [PubMed: 22461613]

Chiang MC, Barysheva M, McMahon KL, de Zubicaray GI, Johnson K, Montgomery GW, et al. Gene
network effects on brain microstructure and intellectual performance identified in 472 twins. The
Journal of Neuroscience: The Official Journal of the Society for Neuroscience. 2012; 32(25):
8732–8745. [PubMed: 22723713]

Dexter DT, Carayon A, Javoy-Agid F, Agid Y, Wells FR, Daniel SE, et al. Alterations in the levels of
iron, ferritin and other trace metals in Parkinson’s disease and other neurodegenerative diseases
affecting the basal ganglia. Brain. 1991; 114(Pt 4):1953–1975. [PubMed: 1832073]

Diamond, MC.; Scheibel, AB.; Elson, LM. The human brain coloring book. 1st ed.. New York: Barnes
& Noble Books; 1985.

Durston S, Fossella JA, Casey BJ, Hulshoff Pol HE, Galvan A, Schnack HG, et al. Differential effects
of DRD4 and DAT1 genotype on fronto-striatal gray matter volumes in a sample of subjects with
attention deficit hyperactivity disorder, their unaffected siblings, and controls. Molecular
Psychiatry. 2005; 10(7):678–685. [PubMed: 15724142]

Duvernoy, HM.; Bourgouin, P. The human brain: surface, three-dimensional sectional anatomy with
MRI, and blood supply (2nd completely rev. and enl. ed.). Wien: Springer; 1999.

Elkashef AM, Buchanan RW, Gellad F, Munson RC, Breier A. Basal ganglia pathology in
schizophrenia and tardive dyskinesia: an MRI quantitative study. The American Journal of
Psychiatry. 1994; 151(5):752–755. [PubMed: 7909412]

Ellison-Wright I, Ellison-Wright Z, Bullmore E. Structural brain change in attention deficit
hyperactivity disorder identified by meta-analysis. BMC Psychiatry. 2008; 8:51. [PubMed:
18590567]

Ellison-Wright I, Glahn DC, Laird AR, Thelen SM, Bullmore E. The anatomy of first-episode and
chronic schizophrenia: an anatomical likelihood estimation meta-analysis. The American Journal
of Psychiatry. 2008; 165(8):1015–1023. [PubMed: 18381902]

Han B, Eskin E. Random-effects model aimed at discovering associations in meta-analysis of genome-
wide association studies. American Journal of Human Genetics. 2011; 88(5):586–598. [PubMed:
21565292]

Hines RN. Developmental and tissue-specific expression of human flavin-containing monooxygenases
1 and 3. Expert Opinion on Drug Metabolism & Toxicology. 2006; 2(1):41–49. [PubMed:
16863467]

Hines RN, Hopp KA, Franco J, Saeian K, Begun FP. Alternative processing of the human FMO6 gene
renders transcripts incapable of encoding a functional flavin-containing monooxygenase.
Molecular Pharmacology. 2002; 62(2):320–325. [PubMed: 12130684]

Hines RN, Koukouritaki SB, Poch MT, Stephens MC. Regulatory polymorphisms and their
contribution to in-terindividual differences in the expression of enzymes influencing drug and
toxicant disposition. Drug Metabolism Reviews. 2008; 40(2):263–301. [PubMed: 18464046]

Kempton MJ, Geddes JR, Ettinger U, Williams SC, Grasby PM. Meta-analysis, database, and meta-
regression of 98 structural imaging studies in bipolar disorder. Archives of General Psychiatry.
2008; 65(9):1017–1032. [PubMed: 18762588]

Hibar et al. Page 13

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Koukouritaki SB, Simpson P, Yeung CK, Rettie AE, Hines RN. Human hepatic flavin-containing
monooxygenases 1 (FMO1) and 3 (FMO3) developmental expression. Pediatric Research. 2002;
51(2):236–243. [PubMed: 11809920]

Koukouritaki SB, Poch MT, Henderson MC, Siddens LK, Krueger SK, VanDyke JE, et al.
Identification and functional analysis of common human flavin-containing monooxygenase 3
genetic variants. Journal of Pharmacology and Experimental Therapeutics. 2007; 320(1):266–273.
[PubMed: 17050781]

Kremen WS, Prom-Wormley E, Panizzon MS, Eyler LT, Fischl B, Neale MC, et al. Genetic and
environmental influences on the size of specific brain regions in midlife: the VETSA MRI study.
NeuroImage. 2010; 49(2):1213–1223. [PubMed: 19786105]

Krueger SK, Williams DE. Mammalian flavin-containing monooxygenases: structure/function, genetic
polymorphisms and role in drug metabolism. Pharmacology and Therapeutics. 2005; 106(3):357–
387. [PubMed: 15922018]

Lander ES, Schork NJ. Genetic dissection of complex traits. Science. 1994; 265(5181):2037–2048.
[PubMed: 8091226]

Li MX, Sham PC, Cherny SS, Song YQ. A knowledge-based weighting framework to boost the power
of genome-wide association studies. [Research Support, Non-U.S. Gov’t]. PLoS One. 2010;
5(12):e14480. [PubMed: 21217833]

Li MX, Gui HS, Kwan JSH, Sham PC. GATES: a rapid and powerful gene-based association test
using extended simes procedure. American Journal of Human Genetics. 2011; 88(3):283–293.
[PubMed: 21397060]

Marsden CD, Obeso JA, Rothwell JC. Clinical neurophysiology of muscle jerks: myoclonus, chorea,
and tics. Advances in Neurology. 1983; 39:865–881. [PubMed: 6229162]

Mayberg HS, Brannan SK, Tekell JL, Silva JA, Mahurin RK, McGinnis S, Jerabek PA. Regional
metabolic effects of fluoxetine in major depression: serial changes and relationship to clinical
response. [Research Support, Non-U.S. Gov’t Research Support, U.S. Gov’t, P.H.S.]. Biological
Psychiatry. 2000; 48(8):830–843. [PubMed: 11063978]

McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little J, Ioannidis JP, Hirschhorn JN.
Genomewide association studies for complex traits: consensus, uncertainty and challenges. Nature
Reviews Genetics. 2008; 9(5):356–369.

Morey RA, Selgrade ES, Wagner HR 2nd, Huettel SA, Wang L, McCarthy G. Scan-rescan reliability
of subcortical brain volumes derived from automated segmentation. Human Brain Mapping. 2010;
31(11):1751–1762. [PubMed: 20162602]

Neale, MC.; Cardon, LR. North Atlantic Treaty Organization. Methodology for genetic studies of
twins and families. Dordrecht: Kluwer Academic Publishers; 1992. Scientific Affairs Division.

Obeso JA, Rodriguez-Oroz MC, Rodriguez M, Lanciego JL, Artieda J, Gonzalo N, Olanow CW.
Pathophysiology of the basal ganglia in Parkinson’s disease. Trends in Neurosciences. 2000; 23(10
Suppl):S8–S19. [PubMed: 11052215]

Overby LH, Carver GC, Philpot RM. Quantitation and kinetic properties of hepatic microsomal and
recombinant flavin-containing monooxygenases 3 and 5 from humans. Chemico-Biological
Interactions. 1997; 106(1):29–45. [PubMed: 9305407]

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A Bayesian model of shape and appearance for
subcortical brain segmentation. [Research Support, N.I.H., Extramural Research Support, Non-
U.S. Gov’t]. NeuroImage. 2011; 56(3):907–922. [PubMed: 21352927]

Peper JS, Brouwer RM, Boomsma DI, Kahn RS, Hulshoff Pol HE. Genetic influences on human brain
structure: a review of brain imaging studies in twins. Human Brain Mapping. 2007; 28(6):464–
473. [PubMed: 17415783]

Petersen RC. Aging, mild cognitive impairment, and Alzheimer’s disease. Neurologic Clinics. 2000;
18(4):789–806. [PubMed: 11072261]

Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ, Pandolfi PP. A coding-independent function
of gene and pseudogene mRNAs regulates tumour biology. Nature. 2010; 465(7301):1033–1038.
[PubMed: 20577206]

Hibar et al. Page 14

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Raz N, Rodrigue KM, Kennedy KM, Head D, Gunning-Dixon F, Acker JD. Differential aging of the
human striatum: longitudinal evidence. AJNR. American Journal of Neuro-radiology. 2003; 24(9):
1849–1856.

Reiner A, Albin RL, Anderson KD, D’Amato CJ, Penney JB, Young AB. Differential loss of striatal
projection neurons in Huntington disease. Proceedings of the National Academy of Sciences of the
United States of America. 1988; 85(15):5733–5737. [PubMed: 2456581]

Schultz W. Getting formal with dopamine and reward. Neuron. 2002; 36(2):241–263. [PubMed:
12383780]

Smith SM. Fast robust automated brain extraction. Human Brain Mapping. 2002; 17(3):143–155.
[PubMed: 12391568]

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, et al.
Advances in functional and structural MR image analysis and implementation as FSL.
NeuroImage. 2004; 23:S208–S219. [PubMed: 15501092]

Snell, RS. Clinical neuroanatomy. 7th ed.. Philadelphia: Wolters Kluwer Health/Lippincott Williams
& Wilkins; 2010.

Stein JL, Hua X, Morra JH, Lee S, Hibar DP, Ho AJ, et al. Genome-wide analysis reveals novel genes
influencing temporal lobe structure with relevance to neurodegeneration in Alzheimer’s disease.
NeuroImage. 2010; 51(2):542–554. [PubMed: 20197096]

Stein JL, Medland SE, Arias Vasquez A, Hibar D, Senstad RE, Winkler AM, et al. Identification of
common variants associated with human hippocampal and intracranial volumes. Nature Genetics.
2012

Strakowski SM, DelBello MP, Sax KW, Zimmerman ME, Shear PK, Hawkins JM, Larson ER. Brain
magnetic resonance imaging of structural abnormalities in bipolar disorder. Archives of General
Psychiatry. 1999; 56(3):254–260. [PubMed: 10078503]

Toga AW, Thompson PM. Mapping brain asymmetry. Nature Reviews Neuroscience. 2003; 4(1):37–
48.

Wellcome Trust Case Control Consortium. Genome-wide association study of 14,000 cases of seven
common diseases and 3,000 shared controls. Nature. 2007; 447(7145):661–678. [PubMed:
17554300]

Wen YZ, Zheng LL, Liao JY, Wang MH, Wei Y, Guo XM, et al. Pseudogene-derived small
interference RNAs regulate gene expression in African Trypanosoma brucei. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108(20):8345–8350.
[PubMed: 21531904]

Wik G, Wiesel FA, Sjogren I, Blomqvist G, Greitz T, Stone-Elander S. Effects of sulpiride and
chlorpromazine on regional cerebral glucose metabolism in schizophrenic patients as determined
by positron emission tomography. [Research Support, Non-U.S. Gov’t]. Psychopharmacology.
1989; 97(3):309–318. [PubMed: 2497479]

Williams JA, Hyland R, Jones BC, Smith DA, Hurst S, Goosen TC, et al. Drug-drug interactions for
UDP-glucuronosyltransferase substrates: a pharmacokinetic explanation for typically observed low
exposure (AUCi/AUC) ratios. Drug Metabolism and Disposition. 2004; 32(11):1201–1208.
[PubMed: 15304429]

Wilson SAK. Progressive lenticular degeneration. A familial nervous disease associated with cirrhosis
of the liver. Lancet. 1912; 1:1115–1119.

Yeung CK, Lang DH, Thummel KE, Rettie AE. Immunoquantitation of FMO1 in human liver, kidney,
and intestine. Drug Metabolism and Disposition. 2000; 28(9):1107–1111. [PubMed: 10950857]

Hibar et al. Page 15

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
A coronal slice in a subject from the ADNI sample. The light-blue label represents the left
globus pallidus and the darker blue label shows the putamen. External and internal portions
of the globus pallidus are segmented as a single structure in FSL/FIRST (Patenaude et al.
2011)
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Fig. 2.
Scan and re-scan volume values of the lentiform nucleus delineated using the automated
FIRST segmentation algorithm. The black line on the diagonal represents the ideal situation
where the segmented volumes are identical. In general, there is good agreement between the
segmented volumes for both scans
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Fig. 3.
Scatterplot of lentiform nucleus volume in monozygotic (black dots) and dizygotic (open
dots) twin pairs from the QTIM. Data points closer to the diagonal line represent similar
lentiform nucleus volumes across a given twin pair. In general, the lentiform nucleus
volumes in the monozygotic twins are closer than their dizygotic counterparts, which is a
sign of genetic influence (confirmed by our heritability analysis)
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Fig. 4.
Q-Q plots for observed association P-values of SNPs from both datasets (after removing
poorly imputed SNPs and SNPs with a minor allele frequency below 0.01). The genomic
inflation factor (lambda) is given for each measure (inset). There is no evidence of inflated
P-values influencing the meta-analysis
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Fig. 5.
Manhattan plot of meta-analyzed P-values (PMA) from both the ADNI and QTIM samples
(N=1345). Each plotted point is the – log10(PMA) of a given SNP sorted by chromosome.
The dotted gray line denotes the standard, nominal genome-wide significance level –
log10(5×10−8). Each point plotted above the gray line indicates a genome-wide significant
SNP
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Fig. 6.
Detailed view of the flavin-containing monooxygenase gene cluster. Points correspond to
the −log10(PMA-value) for the average lentiform nucleus volume. The colors of each point
correspond to level of linkage disequilibrium (LD) between a given SNP and the most
associated SNP rs1795240. Plots were generated using the LocusZoom software (http://
csg.sph.umich.edu/locuszoom/)
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Fig. 7.
Manhattan plot of meta-analyzed P-values (PMA) from both the ADNI and QTIM samples
(N=1345) using a random effects model (Han and Eskin 2011). Each plotted point is the
−log10(PMA) of a given SNP sorted by chromosome; points plotted higher on the y-axis are
more significant. The dotted grey line denotes the nominal genomewide significance level
−log10(5×10−8). The results are consistent with those found using the standard fixed effects
analysis
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Fig. 8.
Expression levels of FMO3 gene in the lentiform nucleus of two different subjects (a and b;
details can be found at http://human.brain-map.org/). Expression levels were standardized to
a mean expression level to eliminate background noise and are presented here as Z-scores
(where |Z-score|>2.5 indicate evidence of differential expression of the FMO3 compared to
other regions of the brain). Numerous points in the posterior portion of the lentiform nucleus
show evidence of significant differential expression of the FMO3 gene

Hibar et al. Page 23

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://human.brain-map.org/


N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hibar et al. Page 24

Ta
bl

e 
1

H
er

ita
bi

lit
y 

es
tim

at
es

 (
a2 )

 f
or

 le
nt

if
or

m
 n

uc
le

us
 v

ol
um

e.
 T

he
se

 a
na

ly
se

s 
w

er
e 

ru
n 

in
 M

x 
on

 6
37

 in
di

vi
du

al
s 

(i
.e

., 
in

cl
ud

in
g 

up
 to

 3
 in

di
vi

du
al

s 
pe

r 
fa

m
ily

so
 tw

o 
no

n-
tw

in
 s

ib
lin

gs
 w

ho
 w

er
e 

th
e 

4t
h 

fa
m

ily
 m

em
be

r 
w

er
e 

no
t i

nc
lu

de
d)

. D
at

a 
w

er
e 

w
in

so
ri

se
d 

to
 ±

3.
3S

D
. S

ex
 a

nd
 a

ge
 w

er
e 

in
cl

ud
ed

 a
s 

co
va

ri
at

es

M
od

el
-2

L
L

df
Δ

-2
L

L
Δ

df
A

IC
a2  

(9
5%

C
I)

c2  
(9

5%
C

I)
e2  

(9
5%

C
I)

A
vg

. L
en

t.

  A
C

E
14

47
.6

04
63

1
–

–
18

5.
6

0.
78

 (
0.

60
, 0

.8
4)

0.
00

 (
0.

00
, 0

.1
8)

0.
22

 (
0.

16
, 0

.2
9)

  A
E

14
47

.6
04

63
2

0.
00

1
18

3.
6

0.
78

 (
0.

71
, 0

.8
4)

–
0.

22
 (

0.
16

, 0
.2

9)

  C
E

14
86

.8
95

63
2

39
.3

1
22

2.
9

–
0.

52
 (

0.
43

, 0
.5

9)
0.

48
 (

0.
41

, 0
.5

7)

  E
15

80
.5

18
63

3
13

2.
9

2
31

4.
5

–
–

1.
00

 (
1.

00
, 1

.0
0)

L
ef

t L
en

t.

  A
C

E
14

75
.2

17
63

1
–

–
21

3.
2

0.
76

 (
0.

57
, 0

.8
2)

0.
00

 (
0.

00
, 0

.1
7)

0.
24

 (
0.

18
, 0

.3
2)

  A
E

14
75

.2
17

63
2

0.
00

1
21

1.
2

0.
76

 (
0.

68
, 0

.8
2)

–
0.

24
 (

0.
18

, 0
.3

2)

  C
E

15
08

.8
29

63
2

33
.6

1
24

4.
8

–
0.

50
 (

0.
40

, 0
.5

8)
0.

50
 (

0.
42

, 0
.6

0)

  E
15

95
.3

05
63

3
12

0.
1

2
32

9.
3

–
–

1.
00

 (
1.

00
, 1

.0
0)

R
ig

ht
 L

en
t.

  A
C

E
14

98
.9

69
63

1
–

–
23

7.
0

0.
71

 (
0.

52
, 0

.7
8)

0.
00

 (
0.

00
, 0

.1
6)

0.
29

 (
0.

22
, 0

.3
9)

  A
E

14
98

.9
69

63
2

0.
00

1
23

5.
0

0.
71

 (
0.

61
, 0

.7
8)

–
0.

29
 (

0.
22

, 0
.3

9)

  C
E

15
26

.4
86

63
2

27
.5

1
26

2.
5

–
0.

46
 (

0.
36

, 0
.5

5)
0.

54
 (

0.
45

, 0
.6

4)

  E
15

95
.9

29
63

3
97

.0
2

32
9.

9
–

–
1.

00
 (

1.
00

, 1
.0

0)

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hibar et al. Page 25

Ta
bl

e 
2

T
op

 S
N

Ps
 id

en
tif

ie
d 

fr
om

 th
e 

m
et

a-
an

al
ys

is
 (

P M
A

<
1×

10
−

6 )
. I

nd
iv

id
ua

l s
ig

ni
fi

ca
nc

e 
st

at
is

tic
s 

of
 th

e 
av

er
ag

e 
bi

la
te

ra
l l

en
tif

or
m

 n
uc

le
us

 a
re

 g
iv

en
 f

or
 b

ot
h

th
e 

A
D

N
I 

an
d 

Q
T

IM
 s

am
pl

es
 a

s 
w

el
l a

s 
m

et
a-

an
al

yz
ed

 s
ta

tis
tic

s 
(P

oo
le

d)
. T

he
 R

2  
va

lu
e 

gi
ve

s 
th

e 
es

tim
at

ed
 P

ea
rs

on
’s

 c
or

re
la

tio
n 

co
ef

fi
ci

en
t o

f 
a 

SN
P 

to
th

e 
ne

ar
es

t g
en

ot
yp

ed
 m

ar
ke

r.
 T

he
 m

in
or

 a
lle

le
 (
α

) 
fo

r 
th

e 
re

po
rt

ed
 b

et
a 

co
ef

fi
ci

en
t (
β)

 f
or

 e
ac

h 
sa

m
pl

e 
is

 a
ls

o 
gi

ve
n.

 I
nt

er
ge

ni
c 

SN
Ps

 w
ith

in
 2

0 
K

b 
of

 a
n

an
no

ta
te

d 
ge

ne
 r

eg
io

n 
ar

e 
lis

te
d 

as
 p

ar
t o

f 
th

at
 g

en
e.

 P
di

ag
 g

iv
es

 th
e 

as
so

ci
at

io
n 

P-
va

lu
e 

fo
r 

a 
gi

ve
n 

SN
P 

w
he

n 
co

nt
ro

lli
ng

 f
or

 d
ia

gn
os

is
 in

 th
e 

A
D

N
I

sa
m

pl
e

A
D

N
I

Q
T

IM
P

oo
le

d

C
hr

SN
P

R
2

G
en

e
F

rq
α

β
P

p d
ia

g
F

rq
α

β
P

β
P

M
A

1
rs

l7
95

24
0

G
en

ot
yp

ed
FM

03
0.

43
A

−
14

3.
48

3.
46

E
-0

7
7.

49
E

-0
6

0.
46

A
−

76
.5

7
0.

01
1

−
11

2.
27

4.
79

E
-0

8

1
rs

l7
95

24
3

0.
97

FM
06

P
0.

43
C

−
14

1.
44

7.
12

E
-0

7
1.

37
E

-0
5

0.
46

C
−

76
.8

1
0.

01
1

−
11

0.
96

8.
76

E
-0

8

1
rs

l7
95

24
4

0.
97

FM
06

P
0.

46
C

−
15

1.
07

1.
29

E
-0

7
1.

57
E

-0
6

0.
49

T
−

66
.0

1
0.

03
1

−
11

1.
33

9.
77

E
-0

8

1
rs

l7
36

56
7

0.
97

FM
06

P
0.

46
C

−
15

1.
10

1.
29

E
-0

7
1.

58
E

-0
6

0.
49

G
−

66
.0

2
0.

03
1

−
11

1.
34

9.
81

E
-0

8

1
rs

20
75

99
2

1.
00

FM
03

0.
43

C
−

14
4.

37
4.

08
E

-0
7

1.
34

E
-0

5
0.

45
C

−
70

.3
4

0.
02

0
−

10
9.

50
1.

28
E

-0
7

1
rs

l7
36

55
6

1.
00

FM
03

0.
43

C
−

14
4.

41
4.

04
E

-0
7

1.
34

E
-0

5
0.

45
C

−
69

.9
2

0.
02

1
−

10
9.

34
1.

33
E

-0
7

1
rs

74
14

22
7

1.
00

G
A

T
A

D
2B

0.
49

G
−

84
.5

8
0.

00
42

0.
00

37
0.

49
G

−
11

5.
46

0.
00

01
6

−
99

.5
0

2.
78

E
-0

6

1
rs

75
22

03
0

0.
98

G
A

T
A

D
2B

0.
49

C
−

85
.6

7
0.

00
40

0.
00

34
0.

49
C

−
11

4.
64

0.
00

01
9

−
99

.7
2

3.
06

E
-0

6

1
rs

11
26

45
73

1.
00

G
A

T
A

D
2B

0.
48

A
−

85
.1

0
0.

00
40

0.
00

36
0.

49
A

−
11

3.
67

0.
00

02
0

−
98

.9
3

3.
17

E
-0

6

1
rs

94
27

23
2

1.
00

G
A

T
A

D
2B

0.
49

G
−

81
.7

1
0.

00
57

0.
00

49
0.

49
A

11
7.

41
0.

00
01

2
−

98
.9

5
3.

18
E

-0
6

1
rs

11
26

47
36

0.
99

SL
C

39
A

1
0.

47
T

−
79

.2
9

0.
00

74
0.

00
51

0.
48

T
−

11
9.

65
0.

00
01

0
−

98
.6

9
3.

76
E

-0
6

1
rs

49
16

39
0

G
en

ot
yp

ed
FM

06
P

0.
47

T
−

11
7.

48
2.

72
E

-0
5

0.
00

02
4

0.
48

T
−

68
.6

6
0.

02
4

−
95

.0
4

3.
89

E
-0

6

1
rs

94
26

93
8

1.
00

G
A

T
A

D
2B

0.
49

C
−

79
.7

9
0.

00
69

0.
00

59
0.

49
C

−
11

7.
55

0.
00

01
2

−
98

.0
3

3.
92

E
-0

6

2
rs

l0
49

65
84

0.
96

In
te

rg
en

ic
0.

11
G

16
5.

94
0.

00
03

4
0.

00
09

9
0.

11
G

14
9.

68
0.

00
37

15
8.

69
4.

10
E

-0
6

1
rs

19
20

14
9

1.
00

FM
03

0.
47

A
−

12
1.

46
1.

51
E

-0
5

0.
00

01
8

0.
48

A
−

63
.7

8
0.

03
6

−
94

.9
5

4.
18

E
-0

6

1
rs

l2
07

61
45

1.
00

FM
03

0.
47

G
−

12
1.

68
1.

49
E

-0
5

0.
00

01
8

0.
48

G
−

63
.3

3
0.

03
8

−
94

.9
4

4.
44

E
-0

6

1
rs

l0
91

11
92

1.
00

FM
03

0.
47

C
−

12
1.

62
1.

50
E

-0
5

0.
00

01
8

0.
48

C
−

63
.3

0
0.

03
8

−
94

.8
9

4.
45

E
-0

6

6
rs

69
41

71
2

G
en

ot
yp

ed
E

PB
41

L
2

0.
13

C
−

72
.2

8
0.

11
0.

17
0.

12
C

−
23

5.
78

6.
83

E
-0

7
−

14
9.

67
4.

61
E

-0
6

1
rs

11
27

09
1

G
en

ot
yp

ed
G

A
T

A
D

2B
0.

49
A

−
78

.0
2

0.
00

82
0.

00
69

0.
49

A
−

11
7.

60
0.

00
01

2
−

97
.1

2
4.

76
E

-0
6

2
rs

20
37

89
2

0.
97

In
te

rg
en

ic
0.

11
A

16
5.

50
0.

00
03

4
0.

00
09

5
0.

11
A

14
5.

91
0.

00
43

15
6.

70
4.

79
E

-0
6

1
rs

11
39

62
0

G
en

ot
yp

ed
G

A
T

A
D

2B
0.

49
C

−
77

.6
6

0.
00

85
0.

00
71

0.
49

C
−

11
7.

60
0.

00
01

2
−

96
.9

3
4.

95
E

-0
6

2
rs

19
19

92
2

G
en

ot
yp

ed
In

te
rg

en
ic

0.
11

T
16

4.
79

0.
00

03
4

0.
00

09
0

0.
11

T
14

4.
16

0.
00

46
15

5.
52

5.
17

E
-0

6

1
rs

94
26

93
5

G
en

ot
yp

ed
L

O
C

34
30

52
0.

49
C

−
77

.1
1

0.
00

89
0.

00
74

0.
49

C
−

11
7.

61
0.

00
01

2
−

96
.6

3
5.

25
E

-0
6

1
rs

43
41

39
3

G
en

ot
yp

ed
L

O
C

34
30

52
0.

49
C

−
77

.1
1

0.
00

89
0.

00
74

0.
49

C
−

11
7.

60
0.

00
01

2
−

96
.6

3
5.

25
E

-0
6

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hibar et al. Page 26

A
D

N
I

Q
T

IM
P

oo
le

d

C
hr

SN
P

R
2

G
en

e
F

rq
α

β
P

p d
ia

g
F

rq
α

β
P

β
P

M
A

19
rs

ll0
83

86
6

0.
92

In
te

rg
en

ic
0.

26
A

11
4.

32
0.

00
07

4
0.

00
16

0.
26

A
11

5.
32

0.
00

23
11

4.
77

5.
38

E
-0

6

1
rs

22
52

50
8

0.
97

D
E

N
N

D
4B

0.
47

G
−

82
.1

3
0.

00
65

0.
00

49
0.

48
G

−
11

3.
85

0.
00

02
0

−
97

.7
8

5.
39

E
-0

6

2
rs

48
48

76
8

0.
99

In
te

rg
en

ic
0.

11
G

16
3.

94
0.

00
03

5
0.

00
08

7
0.

11
G

14
3.

10
0.

00
49

15
4.

60
5.

71
E

-0
6

11
rs

l7
14

05
47

0.
75

In
te

rg
en

ic
0.

02
T

−
40

9.
41

0.
00

82
0.

03
9

0.
01

T
−

71
1.

52
0.

00
01

4
−

53
2.

56
7.

96
E

-0
6

20
rs

60
27

51
1

G
en

ot
yp

ed
In

te
rg

en
ic

0.
17

C
−

12
1.

95
0.

00
07

6
0.

00
08

9
0.

17
C

−
12

2.
62

0.
00

38
−

12
2.

24
8.

96
E

-0
6

1
rs

l0
91

81
96

G
en

ot
yp

ed
L

O
C

40
07

94
0.

41
C

12
0.

25
3.

45
E

-0
5

0.
00

06
1

0.
40

C
63

.9
3

0.
03

9
93

.9
4

9.
31

E
-0

6

1
rs

l0
73

75
11

0.
98

L
O

C
40

07
94

0.
41

C
12

0.
34

3.
47

E
-0

5
0.

00
06

2
0.

40
C

63
.9

5
0.

03
9

93
.9

7
9.

39
E

-0
6

6
rs

l2
53

02
88

1.
00

E
PB

41
L

2
0.

13
T

−
62

.4
5

0.
16

0.
23

0.
12

T
−

23
5.

80
6.

82
E

-0
7

−
14

4.
17

9.
76

E
-0

6

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hibar et al. Page 27

Ta
bl

e 
3

Si
gn

if
ic

an
tly

 e
nr

ic
he

d 
pa

th
w

ay
s 

de
te

rm
in

ed
 b

y 
pa

th
w

ay
 a

na
ly

si
s 

w
ith

 K
G

G
 (

L
i e

t a
l. 

20
10

, 2
01

1)
. D

et
ai

ls
 f

or
 th

e 
pa

th
w

ay
s 

gi
ve

n 
ca

n 
be

 f
ou

nd
 o

f 
th

e
G

en
e 

Se
t E

nr
ic

hm
en

t A
na

ly
si

s 
w

eb
si

te
 (

ht
tp

://
w

w
w

.b
ro

ad
in

st
itu

te
.o

rg
/g

se
a/

).
 P

at
hw

ay
s 

th
at

 e
xc

ee
d 

th
e 

th
re

sh
ol

d 
P<

5×
10

−
4  

w
er

e 
co

ns
id

er
ed

 to
 b

e
si

gn
if

ic
an

tly
 e

nr
ic

he
d

P
at

hw
ay

 N
am

e
P

at
hw

ay
 P

-v
al

ue
G

en
e

G
en

e 
P

-v
al

ue
C

hr
L

en
gt

h 
(b

p)
SN

P
#

R
E

A
C

T
O

M
E

_P
H

A
SE

_1
_F

U
N

C
T

IO
N

A
L

IZ
A

T
IO

N
1.

34
×

10
−

5
FM

O
3

1.
03

×
10

−
6

1
46

94
1

40

K
E

G
G

_D
R

U
G

_M
E

T
A

B
O

L
IS

M
_C

Y
T

O
C

H
R

O
M

E
_P

45
0

5.
66

×
10

−
5

FM
O

1
0.

00
73

1
57

45
0

48

–
–

FM
O

2
0.

00
77

1
47

43
4

44

–
–

FM
O

3
1.

03
×

10
−

6
1

46
94

1
40

R
E

A
C

T
O

M
E

_P
H

A
SE

_1
_F

U
N

C
T

IO
N

A
L

IZ
A

T
IO

N
_

O
F_

C
O

M
PO

U
N

D
S

6.
49

×
10

−
5

FM
O

1
0.

00
73

1
57

45
0

48

–
–

C
Y

P5
1A

1
0.

02
8

7
42

59
6

5

–
–

FM
O

2
0.

00
77

1
47

43
4

44

–
–

FM
O

3
1.

03
×

10
−

6
1

46
94

1
40

R
E

A
C

T
O

M
E

_Z
IN

C
_I

N
FL

U
X

_I
N

T
O

_C
E

L
L

S_
B

Y
_T

H
E

_S
L

C
39

_G
E

N
E

S_
FA

M
IL

Y
6.

81
×

10
−

5
SL

C
39

A
1

7.
56

 ×
10

−
6

1
28

60
0

2

R
E

A
C

T
O

M
E

_B
IO

L
O

G
IC

A
L

_O
X

ID
A

T
IO

N
S

1.
10

×
10

−
4

M
A

T
2A

0.
03

4
2

26
11

5
5

–
–

FM
O

1
0.

00
73

1
57

45
0

48

–
–

C
Y

P5
1A

1
0.

02
8

7
42

59
6

5

–
–

FM
O

2
0.

00
77

1
47

43
4

44

–
–

FM
O

3
1.

03
×

10
−

6
1

46
94

1
40

–
–

N
N

M
T

0.
03

9
11

36
70

3
16

R
E

A
C

T
O

M
E

_Z
IN

C
_T

R
A

N
SP

O
R

T
A

T
IO

N
1.

21
×

10
−

4
SL

C
39

A
1

7.
56

×
10

−
6

1
28

60
0

2

R
E

A
C

T
O

M
E

_M
E

T
A

L
_I

O
N

_S
L

C
_T

R
A

N
SP

O
R

T
E

R
S

1.
66

×
10

−
4

SL
C

39
A

1
7.

56
×

10
−

6
1

28
60

0
2

Brain Imaging Behav. Author manuscript; available in PMC 2014 June 01.

http://www.broadinstitute.org/gsea/



