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Abstract

Understanding genetic influences on both healthy and disordered brain function is a major focus in
psychiatric neuroimaging. We utilized task-related imaging findings from an fMRI auditory
oddball task known to be robustly associated with abnormal activation in schizophrenia, to
investigate genomic factors derived from multiple single nucleotide polymorphisms (SNP’s) from
genes previously shown to be associated with schizophrenia. Our major aim was to investigate the
relationship of these genomic factors to normal/abnormal brain functionality between controls and
schizophrenia patients. We studied a Caucasian-only sample of 35 healthy controls and 31
schizophrenia patients. All subjects performed an auditory oddball task, which consists of
detecting an infrequent sound within a series of frequent sounds. Each subject was characterized
on 24 different SNP markers spanning multiple risk genes previously associated with
schizophrenia. We used a recently developed technique named parallel independent component
analysis (para-1CA) to analyze this multimodal dataset (Liu et al., 2008). The method aims to
identify simultaneously independent components of each modality (functional imaging, genetics)
and the relationships between them. We detected 3 fMRI components significantly correlated with
two distinct gene components. The fMRI components, along with their significant genetic profile
(dominant SNP) correlations were as follows: 1) Inferior frontal- anterior/posterior cingulate-
thalamus-caudate with SNPs from Brain derived neurotropic factor (BDNF) & Dopamine
Transporter, (DAT) [r=-0.51; p<0.0001], 2) Superior/middle temporal gyrus-Cingulate-premotor
with SLC6A4 PR and SLC6A4_PR_AG (Serotonin transporter promoter; SHTTLPR) [r=0.27;
p=0.03], 3) Default Mode-fronto-temporal gyrus with Brain derived neurotropic factor &
Dopamine Transporter (BDNF, DAT) [r=—0.25; p=0.04]. Functional components comprised
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taskrelevant regions (including PFC, ACC, STG and MTG) frequently identified as abnormal in
schizophrenia. Further, gene-fMRI combinations 1 (Z=1.75; p=0.03), 2 (Z=1.84;p=0.03) and 3
(Z2=1.67; p=0.04) listed above showed significant differences between controls and patients, based
on their correlated loading coefficients. We demonstrate a framework to identify interactions
between “clusters” of brain function and of genetic information. Our results reveal the effect/
influence of specific interactions, (perhaps epistastatic in nature), between schizophrenia risk
genes on imaging endophenotypes representing attention/working memory and goal directed
related brain function, thus establishing a useful methodology to probe multivariate genotype-
phenotype relationships.

Keywords
auditory oddball; DAT; BDNF; fMRI; gene; parallel ICA; multivariate; SHTTLPR

Introduction

Schizophrenia is a debilitating psychological condition, whose etiology remains unclear, but
which has a demonstrated genetic component (Cardno and Gottesman, 2000; Cardno et al.,
1999; Farmer et al., 1987) with biological accompaniments (Allen et al., 2009; Laurent et
al., 1999). Polygenic models suggests that interaction and convergence of either multiple
common risk alleles, or rare copy number variants along with a variety of environmental
factors, can result in schizophrenia (Alaerts and Del-Favero, 2009; Harrison and
Weinberger, 2005; Pearlson and Folley, 2008; St Clair, 2009). This model hypothesizes that
what is inherited is not the disease per se, but combinations of individually small,
unfavorable genetic variants influencing biological processes within the normal range, but
increasing disease liability significantly in epistatic combination when all contribute
adversely to molecular interactions at a crucial bottleneck, (Pearlson and Folley, 2008).
While neuroimaging can contribute detailed information regarding biological relationships
between genetic variation and clinical phenotypes (Glahn et al., 2008), to date, potential
interactions between multiple liability genes underlying functional brain abnormalities have
only been studied in simple combinations, most usually two alleles and one brain region at a
time, (Prata et al., 2009). In part this is due to the complexities of studying multiple genetic
variants simultaneously in terms of their influence on neuroimaging parameters.
Understanding both the normal function and disease-related dysfunction related to identified
risk alleles may help clarify the etiopathology of the disorder.

The current search for endophenotypes (quantitative biological disease propensity markers)
employs several different strategies (Allen et al., 2009). With respect to schizophrenia
research, one of the oldest and most robust functional electrophysiological endophenotypes
is an abnormal P300 (P3) response in schizophrenia to an infrequent stimulus type, such as
in oddball detection tasks. The P3 in general is thought to reflect cognitive processes
necessary for updating working memory representation and attention of task-related stimuli
(Coles et al., 1988; Polich and Donchin, 1988; Polich and Kok, 1995). However, because of
the poor spatial specificity of ERP neural generators in general (Baillet and Garnero, 1997;
Pascual-Marqui et al., 1994) and the P3 in particular (Halgren et al., 1995a; Halgren et al.,
1995b; Halgren et al., 1998), it is not clear which brain structures might be modulated by the
oddball task. The measurement of brain hemodynamics using fMRI provides a means to
identify structures influenced by oddball target interval manipulations. One of the largest
fMRI auditory oddball detection (AOD) studies to date (Kiehl et al., 2005) replicated and
extended more than a dozen previous fMRI oddball target detection studies, showing that
hemodynamic activity is elicited in numerous, widespread cortical and subcortical brain
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structures during target detection and novelty processing. The fMRI AOD task has thus been
increasingly studied as a schizophrenia endophenotype.

The AOD task used in this study was designed to test attention orientation to task-relevant
(salient) infrequent stimuli. It has previously been used by us to assess ADHD (Attention
Deficit Hyperactivity Disorder) and schizophrenia, among other conditions (Garrity et al.,
2007; Stevens et al., 2007). Response to the AOD task in schizophrenia has been associated
with impaired ability to attend to novel stimuli, and with a diverse range of brain areas
associated with attention, executive function, and working memory, although patients
behavioral response to the task is relatively unimpaired.

Research on the genetic component of schizophrenia has led to the identification of a
number of common risk variants that could play a part in the expression of the disorder,
most of which have been identified using univariate methods (e.g. candidate gene
approaches). For schizophrenia several such risk genes have been identified through such
methods, including catechol-O-methyl transferase (COMT) (Harrison and Weinberger,
2005) where a specific polymorphism influences prefrontal cortical and executive function
(Avramopoulos et al., 2002; Egan et al., 2001; Goldberg and Weinberger, 2004). A study
examining epistasis between the a 3’ untranslated region (UTR) variable number tandem
repeat in the dopamine transporter (DAT) and the above COMT polymorphism found that
these alleles interact nonadditively to modulate cortical function during executive
processing, which is significantly altered in schizophrenia (Prata et al., 2009). Other recently
identified potential risk genes for schizophrenia include Disrupted in Schizophrenia 1
(DISC1), Brain-derived neurotrophic factor (BDNF), and Dysbindin (Callicott et al., 2005;
Craddock et al., 2006a; Craddock et al., 2006b; Harrison and Weinberger, 2005).

In the current study, to better capture the effect of genetic polymorphism on cognitive
function, genetically characterized subjects performed an AOD task during functional
magnetic resonance imaging (fMRI). We then used parallel independent component analysis
(para-ICA; (Liu et al., 2008)), a recently developed technique, to perform multivariate
analysis of combined imaging and genomic data. This method utilizes blind source
separation to separate high dimensional data to discover patterns associated with, for
example, clusters (components) of linked fMRI regions derived from quantitative brain
measures, and/or components of associated SNPs derived from a gene array. The technique
can identify and quantify associations between these two sets of components and determine
significant differences in a patient-versus-control context embedded in the components (Liu
et al., 2009a; Liu et al., 2009b). Para-ICA is a variant of ICA designed for multimodality
processing, that extracts components using an entropy term based on information theory to
maximize independence (Bell and Sejnowski, 1995) and enhances the interconnection by
maximizing the linkage function in a joint estimation process (Liu et al., 2008). Thus this
method can extract the intrinsic relationship between the identified independent components
from both functional imaging and genetic modalities based on higher order statistics. Prior
knowledge of neither specified genes nor fMRI patterns is needed, making this a hypothesis-
free approach constituting an unsupervised algorithm, analogous to those used in
discovering novel genes for revealing regulatory networks through analyzing large datasets
(Lee and Batzoglou, 2003). The technique has been validated by examining multivariate
relationships between SNP’s and fMRI-measured activity (Calhoun et al., 2006). In the
context of gene-brain exploration, parallel ICA has been previously applied to find
simultaneously independent components from a large (>300 SNP) gene array and, in one
case a functional MR1 AOD task in schizophrenia and controls and in a second from EEG
data and a SNP array data set in healthy controls (Liu et al., 2009a; Liu et al., 2009b). The
method has the advantage that it is able to detect significant associations in modest-sized
data sets (Liu et al., 2008; Liu et al., 2009a; Liu et al., 2009b).
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The current study differs from our previously published results in that we proposed to use a
smaller number of alleles, chosen from among those previously identified as contributing
toward schizophrenia risk, in a more hypothesis-driven manner. For example, we
conjectured that dopamine-related genes such as COMT, DAT, DRD2 and DBH might
interact epistatically. This strategy was also chosen to increase validity of the results of our
current study while simultaneously focusing on schizophrenia. Using a known set of
schizophrenia genes helps reduce statistical noise (by reducing interactions with other genes
not known to be related to the disease) and increases the power of finding robust
relationships, in particular interactions among the putative risk genes for the disorder.

In regard to methodology, a number of recent studies have used the combination of ICA (or
related variants such as canonical correlation analysis) and the AOD task primarily to
capture or build better algorithms to better discriminate brain patterns of schizophrenia from
those of healthy controls (Correa et al., 2008; Demirci et al., 2008; Kim et al., 2008; Kim et
al., 2009; Sui et al., 2009). However it is important to reiterate that the aim of the current
study was slightly different from the above studies, with the main purpose of investigating
meaningful relationships between brain activity (during AOD target detection) and clusters
of risk SNP’s while simultaneously looking for differences in connections between the
above modalities across groups.

Given that risk for a complex disorder such as schizophrenia is influenced or conferred by
multiple risk genes acting together, it becomes very important to understand the product of
this putatively interactive process. Therefore, the purpose of this study was to
simultaneously identify the association patterns of several schizophrenia risk SNP’s or
allelic variations with brain functionality representing performance on an attention related
task (AOD) in healthy controls and schizophrenia patients using a previously published,
recently developed multivariate parallel ICA technique that has validity in studies with small
sample sizes. In addition, we also sought to identify and characterize differering gene-fMRI
association patterns between controls and schizophrenia and to detect possible epistatic
interactions among known schizophrenia risk genes.

Material and Methods

Participants

We used data from two different modalities, functional MRI (fMRI) and genotype (SNP) to
reveal relationships between brain function from an AOD task and SNPs that also differed
between schizophrenia-diagnosed and healthy control groups.

Sixty-six Caucasian subjects (35 healthy controls (29 right handed/6 left handed), 31
schizophrenia patients (25 right handed/3 left handed/3 ambidextrous)) who had volunteered
for functional imaging and genetic testing were included from studies at the Olin
Neuropsychiatry Research Center. Groups were matched on age, gender and handedness.
All participants were assessed for DSM-1V-TR Axis | disorders using the SCID-1V (First,
2002). Medication information was available for twenty-two schizophrenia patients.
Medications included; Second-generation antipsychotics: aripiprazole (5), ziprasidone (3),
rispridone (3), quetiapine (2), olanzapine (5); First-generation antipsychotics: haloperidiol
(3), fluphenazine (2), perphenazine (1); Mood stabilizers: divalpoex (3), lithium (7),
oxcarbazepine (1), gabapentin (1); SSRI/SNRISs: venlafaxine (2), paroxetine (2), citalopram
(1), fluoxetine (1), sertraline (1); tricyclics: amitriptyline (5); benzodiazepines: lorazepam
(2), diazepam (1) and anticholinergics: benztropine (7). Exclusion criteria for controls
included any present or past Axis | disorder or family history of psychotic disorder and for
all participants, any significant history of medical or neurological, head injury, or substance
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abuse within 6 months prior to participation. Participants gave written informed consent
using procedures approved by the Yale and Harford Hospital institutional review boards.

Genetic Analysis

Saliva samples were taken from subjects by trained personnel prior to the functional imaging
task, and sent to the laboratory of Dr. Joel Gelernter at Yale University (New Haven,
Connecticut, USA) for allelic determination. Single nucleotide polymorphism (SNP)
analysis for 24 SNP’s spanning 14 schizophrenia putative risk genes was carried out using a
fluorogenic 5' nuclease (TagMan) assay (Shi et al., 1999), with the ABI PRISM 7900
Sequence Detection System (ABI, Foster City, California, USA). All samples were
genotyped in duplicate for quality control, with no discrepancies. The 24 SNPs genotyped
included: COMT (rs4680); BDNF (rs6265); solute carrier family 6 (neurotransmitter
transporter, serotonin member 4; SLC6A4) (rs25531); dopamine receptor D2 (DRD2)
(rs6277, rs1799732); GABA-A receptor (GABRA) (rs279837, rs567926, hCV8262927)
alpha-7 nicotinic cholinergic receptor, (CHRNA7) (rs868437, rs2337506); alpha 5
muscarinic cholinergic receptor, (CHRMDb) (rs16969968); cannabinoid receptor 1 (CB1)
(rs1049353); doublecortin domain containing 2 (DCDC2) (dbSTS BV677278); solute carrier
family 24, member 5 (rs1426654); dopa decarboxylase (DDC) (aromatic L-amino acid
decarboxylase) (rs11238214); dopamine beta-hydroxylase (DBH) (dopamine beta-mono-
oxygenase) (rs1611115); Dopamine transporter/Solute carrier family 6 (DAT or SLC6A3)
(neurotransmitter transporter, dopamine), member 3; solute carrier family 6 (SHTTR)
(neurotransmitter transporter, serotonin member 4) (rs25531); solute carrier family 6
(5HTR; SLC6AZ2) (neurotransmitter transporter, serotonin) member 2 and Disrupted-in-
Schizophrenia 1 (DISC 1) (rs751229, rs3738401, rs980989, rs821616, rs1411771).

Auditory Oddball Task (fMRI)

In the AOD task subjects are presented with a series of novel and standard sounds, and
required to detect a random, infrequent target sound within the series. The standard stimulus
was a 500-Hz tone, with an 80% occurrence probability. The target stimulus was a 1000-Hz
tone, and the novel stimuli were random, non-repeating digital noises (e.g. tone sweep,
whistles). Both the novel and the target stimuli had an occurrence probability of 10%.

The stimulus durations were 200 ms with a 2000 ms stimulus onset asynchrony (SOA).
Target (or Novel) stimuli were preceded by 3-5 standard stimuli. Stimuli were presented
with a pseudorandom distribution of interstimulus interval duration (8-12 seconds), so that
each type of stimulus (standard, target, and novel) appeared with equal probability
throughout the task. Subjects were instructed to press a button with the right index finger
whenever they heard the target stimulus, and not to respond to the standard or novel stimuli.
Since the MRI sequence noise is high, verbal confirmation was made as to whether the
subjects heard the stimuli proper. In addition, high end noise cancelling headphones were
used to minimize external acoustic noise interactions with the in-scanner auditory paradigm.
Behavioral responses for the task including mean reaction time and accuracy rate to the
target events were recorded in real-time. The AOD paradigm and methods of data
acquisition have been described previously in more detail (Kiehl et al., 2005; Stevens et al.,
2007)).

Image Acquisition

Blood oxygenation level-dependent (BOLD) functional magnetic resonance (fMRI) images
were recorded while subjects performed the AOD task. Subjects were scanned at the Olin
Neuropsychiatry Research Center at the Institute of Living, using a Siemens Allegra 3T
dedicated head scanner (Erlangen, Germany) equipped with 40mT/m gradients and a
standard quadrature head coil. We used a conventional gradient-echo echo-planar imaging
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with the following imaging parameters: TR= 1.5 seconds, TE= 27msec, field of view=
24cm, acquisition matrix= 64 x 64, flip angle= 70°, voxel size= 3.75 x 3.75 x 4mm, gap=
1mm, 29 slices, ascending axial acquisition. To compensate for longitudinal equilibrium, the
first six images were discarded.

Preprocessing

Each participant’s fMRI regressors were determined by extracting the time of stimulus onset
for correct target, novel, and standard stimuli. Modeling was carried out using a synthetic
hemodynamic response function and temporal derivative. Data from each participant’s fMRI
performance were preprocessed using the statistical parametric mapping (SPM2) software
(http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). A motion correcting algorithm, INRI-
align, was used to realign the images (Freire and Mangin, 2001). Image data were spatially
normalized into standard Montreal Neurological Institute space (Friston et al., 1995).
Following normalization, data were spatially smoothed with a 10x10x10 mms3 full width at
half-maximum Gaussian kernel.

Post-Processing (Statistical Analysis)

As part of the first level or subject level analysis, planned comparisons for the primary
condition of interest (target vs baseline) was computed for each subject using SPM2, in
which each voxel represented the estimated amplitude of hemodynamic response. More
accurate hemodynamic response estimates were provided by a latency variation amplitude-
correction method. To remove low-frequency artifacts, a high-pass filter (cutoff period =
128 sec) was included in the model. To statistically control mation-related signal change, six
motion-correction parameter estimates (x, y, and z displacement and roll, pitch, and yaw
rotations) were included as covariates of no interest. The resulting contrast images for the
target v baseline condition were then carried forward as the input to the parallel ICA
algorithm to compute IC networks.

Parallel ICA (Liu et al., 2009a; Liu et al., 2009b) was applied using FIT (Fusion ICA
Toolbox) in MATLAB 6.5 on the fMRI and SNP data described above to identify the
independent functional networks, SNP associations and their interrelationships. In the
current manuscript we provide a brief introduction to the para-ICA methods. The
mathematical details of the algorithm and methodology of parallel ICA is described in detail
in (Liu et al., 2009b). Similar to a conventional ICA analysis, extracted fMRI components
are maximally spatially independent and measure the localized task related hemodynamic
changes and their variation among the individuals. Components extracted from SNP data are
distinct, independent, linear combinations of SNPs that are most likely highly associated
with network functionality, or related phenotypes (Dawy et al., 2008). As part of the ICA
algorithm loading parameters (Liu et al., 2008) are computed, which express the weights of
every component on each subject. A correlation value is calculated between the fMRI
component and the genetic component across subjects, based on their loading parameters, to
identify the association between the fMRI and SNP components.

The parallel ICA method aims to solve three issues simultaneously. Two of them relate to
maximizing independence between the different modalities. The third is determining the
relationship between modalities. As seen from Figure 1, A is a linear mixing matrix, relating
the sources to the contamination measurements. W is an unmixing matrix and Z is the
estimated component matrix. Therefore, the essence of ICA is to find W so that so that Z is
as close as possible to the true independent components contained in S. Para-ICA is
conceptually similar, but the above is done on two different modalities concurrently. In
addition a term linking the two modalities that optimally assesses the relationship between
the two is also estimated. Each unmixing matrix for both modalities is thus computed using
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information derived from both modalities. Figure 1 depicts the para-1ICA process in the form
of a flow diagram.

fMRI data including both control and patients group were constructed as a matrix of subjects
by utilizing their first level contrast images from the target vs baseline condition,
represented as a set of spatially independent voxels that are linearly mixed (Calhoun et al.,
2001a). SNP data from both groups were organized as matrix of subjects by SNPs. These
two data matrices are the input to the parallel ICA. Group spatial ICA (Calhoun et al.,
2001b) in the GIFT software toolbox (http://icatb.sourceforge.net/) was used to identify the
number of components. The component set size was estimated using both Akaike
information criterion (AIC) and minimum description length (MDL) criteria, which is the
standard method for estimating the components from the aggregated data set (Calhoun et al.,
2001a, b). The number of estimated components using the above algorithms in our data set
was 5 for feature 1 (fMRI) and 4 for feature 2 (gene).

Parallel ICA identified five paired independent components from fMRI and SNP data. The
validity of the findings was further evaluated using a leave-one-out crossevaluation. In this
method, one subject at a time is randomly omitted and 65 of 66 subjects analyzed repeatedly
with the same specification and tested for consistency of the components and connections.
All the component maps were thresholded at a |Z|>2.0 for visualization purposes.

Correlation values were calculated for all the fMRI-SNP component pairs, where the value
represents the relationship between the fMRI network and the SNPs. Statistically significant
correlations were extracted for all component pairs corrected for multiple comparison using
a false discovery rate (FDR) with significance level by q<0.05 (Genovese et al., 2002).
Further, within group correlation between fMRI and SNP components were computed and
the resulting correlation values were compared using a Fisher’s Z-transform (Steel et al.,
1997) to reveal group differences between normal controls and schizophrenia patients.
Finally, we also computed pearson correlations between fMRI loading factors and behavior
to examine any meaningful relationship between the two.

Parallel ICA identified significant relationships between three independent fMRI networks
(fMRI-a, b and c) and two gene components (gene-a, b). The fMRI networks identified
comprised of the following regions 1) fMRI-a : Inferior frontal gryus, anterior cingulate,
posterior cingulate, thalamus, caudate, lingual gyrus, precuneus and cerebellum, 2) fMRI-b :
Superior temporal gyrus, middle/medial temporal gyrus, cingulate and premotor regions, 3)
fMRI-c : medial frontal gyrus, middle temporal gyrus, posterior parietal (constituents of
default mode network) superior temporal gyrus, orbito frontal cortex, prefrontal cortex and
motor regions. Identified fMRI-SNP correlations (between loading parameters of each
modality) were as follows 1) fMRI-a and gene-a (DAT and BDNF; r=-0.51; p<0.0001), 2)
fMRI-b and gene-b (SLC6A4 5SHTTLPR and 5SHTTLPR_AG; r=0.27; p=0.03) and 3) fMRI-
c and gene-a (DAT and BDNF; r=-0.25; p=0.04). Spatial regions of the three fMRI
networks thresholded at Z > 2 are shown in Figure 2. Similarly, the genetic components
containing SNP’s with loading weights were thresholded at Z > 2. Additionally, other non-
significant component combinations (fMRI-d & DAT, BDNF; fMRI-e & DAT) are
illustrated in supplementary Table 1.

The within-group correlation values were compared using a Fisher’s Z-transform on all the
above three fMRI-SNP combinations to assess control-patient relationship differences. All
the above combinations demonstrated a significant group difference. The individual within-
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group correlation values along with their significant p-values for the group comparisons are
provided in Table 1.

Behaviorally, groups differed significantly only on mean response time (RT) (F=13.48;
p<0.001) to the target stimuli. Overall as expected, schizophrenia patients (Mean RT+SD:
504.5+£113.4) took longer to respond to target events that their healthy counterparts (Mean
RT+SD: 411.3 + 82.9 msec). Although the control group (Mean accuracy percent+SD: 98 +
9) performed the task with greater accuracy than patients with schizophrenia (Mean
accuracy + SD: 91 + 13), groups did not significantly differ on this behavioral measure. In
addition, our analysis revealed a single significant positive correlation between fMRI-a and
task accuracy (r=0.3; p=0.02).

Discussion

This study is one of the few investigations that has taken a multivariate approach to examine
correlations between a presumed fMRI endophenotype and various schizophrenia risk genes
while simultaneously probing for differences in relationship patterns between controls and
schizophrenia. As we articulated earlier, the parallel ICA methodology used here provides a
means for identifying larger-scale clusters of SNPs that are related to functional
neuroimaging patterns, and that might theoretically identify epistatic combinations.

A number of recent studies have used techniques similar to para-ICA to evaluate data in a
multivariate fashion primarily to develop imaging biomarkers for various disease models
(Correa et al., 2008; Demirci et al., 2008; Kim et al., 2008; Kim et al., 2009; Sui et al.,
2009). A recent report by Sui et al (2009) utilized a combination of coefficient constrained
ICA and principal component analysis to extract optimal fMRI “features” simultaneously
from two different fMRI tasks (Sternberg working memory task and AOD) to serve as
biomarkers for schizophrenia. Another study by Franco et al (2008) used joint ICA (a
technique that uses the same correlation profile of the two modalities as opposed to para-
ICA which simultaneously uses two correlated profiles) to relate connectivity measures
between diffusion tensor imaging and fMRI. In direct contrast to the above methodologies,
para-ICA is considered to contain a more flexible statistical/mathematical model which
makes it more appropriate when applied to fusing multimodal data that includes genetic
information.

The two dozen SNPs chosen for the current study are in many cases already also known to
be related together in a variety of contexts associated with neurotransmitter or cell signaling
pathways. The current analysis utilized a Caucasian-only sample to maximize uniformity
with respect to ethnicity and thereby avoid any possible population stratification effects. Our
results identified three significant correlations between functional and genetic networks.
From these, two different functional networks (fMRI-a and fMRI-c) were influenced by or
related to the same genetic component (gene-a) which was primarily driven by change in
signaling of the risk SNP’s from the DAT and BDNF genes, both of which have been
independently proven to be risk markers for schizophrenia (Golimbet et al., 2008a; Golimbet
et al., 2008b; Jeong et al., 2004; Talkowski et al., 2008; Wonodi et al., 2009). Both the
above relationships indicated that the genetic component were negatively correlated to the
functional components (r=—0.51 and —0.25 respectively), suggesting that differences in
genetic signaling were associated with lower functional response in these networks. The
most significant relationship was found between the combination of components fMRI-a and
gene-a, the fMRI component by itself comprised regions including the inferior frontal
cortex, parahippocampus, anterior/posterior cingulate, thalamus and striatum (caudate and
putamen). Prior research using the oddball paradigm suggests that this network supports the
goal-directed and attention processing of task-relevant target events. (Hampshire et al.,

Neuroimage. Author manuscript; available in PMC 2014 March 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Meda et al.

Page 9

2009; Laurens et al., 2005; Yoshiura et al., 1999). The second functional component (fMRI-
c) that was associated with this genetic component mostly represented the classic default
mode network (DMN; Fox and Raichle, 2007) along with various right temporal and frontal
areas. This network is believed to represent a baseline or “idling” brain condition. It has
been functionally implicated in attending to external and internal stimuli (Gusnard et al.,
2001; Gusnard and Raichle, 2001; Raichle et al., 2001). The DMN has also been shown to
be disrupted in several mental disorders including schizophrenia (Broyd et al., 2009; Garrity
et al., 2007), however its genetic underpinnings have not been studied, although this topic is
important (Meyer-Lindenberg, 2009; Whitfield-Gabrieli et al., 2009). However, our results
are partly consistent with the current literature that supports association of the BDNF
polymorphism with psychiatric illnesses including depression that is associated with altered
resting state EEG activity (Gatt et al., 2008). In addition current evidence suggests that
dopamine plays an important role in modulating the DMN (Gatt et al., 2008; Nagano-Saito
et al., 2009; Tomasi et al., 2009; van Eimeren et al., 2009). Interestingly a recent study by
Tomasi et al 2009, shows evidence that dopamine transporter measures in striatum correlate
with the default mode network during a visuospatial attention task mediated through the
precuneus. This overlaps partially with the current study, where we observe that both fMRI-
a (that includes the precuneus) and fMRI-c (that included the default mode) networks are
mediated or associated with differences in genetic signaling from the dopamine transporter
and BDNF genes.

All of the above identified regions have also been shown to be dysfunctional or abnormally
structured in schizophrenia (Jeong et al., 2009; Kiehl et al., 2005; Kim et al., 2009; Meda et
al., 2008; Wolf et al., 2007). A recent ICA study by (Kim et al., 2009) identified the above
three functional networks as part of a larger network set in their study that was abnormal in
schizophrenia subjects performing an auditory oddball task. (Correa et al., 2008) used a
novel canonical correlation analysis method to find joint relationships between structural
and fMRI (oddball task) in schizophrenia, reporting that less activity in temporal and motor
areas was associated with less gray matter in the patient population. Both prior functional
and structural studies show that the above regions found in our study may be separately
modulated by polymorphisms in both the DAT and BDNF genes, both in controls and in
schizophrenia (Bertolino et al., 2008; Chang et al., 2009; Franklin et al., 2009; Rybakowski,
2008), consistent with our most significant result. Prior studies also indicate that significant
inverse correlations exist between DAT binding potential in the striatum and the severity of
negative symptom scores along with cognitive and depression/anxiety scores on the PANSS
(Schmitt et al., 2006). Schofield et al., (2009) demonstrated that the BDNF polymorphism
examined in the current study was involved with disturbances in selective information
procession as evidenced by a modulated P300 ERP response during the oddball task and
corresponding alterations in gray matter in the fronto-hippocampal system.

The other fMRI-gene combination that significantly correlated and differentiated
schizophrenia and controls contained spatial regions that encompassed primarily the
bilateral superior/middle temporal gyrus and the cingulate regions, which represents a
classic network driven by the functional auditory oddball task. In the present study we show
the above network was significantly associated with the gene-b component whose genetic
signaling was mainly influenced by SNP’s of the SLC6A4_promoter gene. This gene plays
an important role in synaptic modulation of serotonin and acts in neuronal division,
differentiation and adult neurogenesis (Bayle et al., 2003; Hallmayer, 2004). This gene has
also been shown to be individually associated with risk for schizophrenia and other major
psychiatric illnesses in previous studies (Liu et al., 1999; Luddington et al., 2009; Mendes
de Oliveira et al., 1998; Vijayan et al., 2009). Our results are consistent with previous fMRI
and ERP studies that support a role for serotonin in oddball response (Ehlers et al., 1991;
Golimbet et al., 2006; Hughes et al., 1999; Wang et al., 2009)
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Prior evidence also indicates that the above gene products interact in the central nervous
system. (Bertolino et al., 2008) studied the epistatic effect between dopamine-regulating
genes such as COMT and DAT and identified a modulated nonlinear response of the
hippocampus during working memory tasks. (Pezawas et al., 2008) reported a biologic
epistatsis between SLC6A4 and BDNF in the human brain by identifying a neural
mechanism linking serotonergic and neurotropic signaling at the neural systems level.

Dopamine (DA) and BDNF are interlinked at many levels; for example, as reviewed by
(Hunnerkopf et al., 2007), BDNF is expressed by DA neurons, helps induce the DA
phenotype in fetal human cerebral cortex culture; DA stimulation increases BDNF mRNA in
neuronal cultures, BDNF infusion into the substantia nigra increases striatal DA turnover,
while loss of BDNF expression leads to DA downregulation and DA-ergic neuronal death.
Some of the identified genes in the current study have also been shown to specifically
interact in the context of psychiatric illnesses (Hunnerkopf et al., 2007; Murphy et al., 2003).
Interestingly, (Murphy et al., 2003) show evidence of significant interactions between the
Serotonin transporter (SERT) gene with BDNF and DAT in a mouse model that might lead
to various psychiatric diseases. The results from our study might therefore be uncovering an
interesting epistatic effect between BDNF, DAT and the SLC6A4 PR (SHTTLPR) genes in
turn influencing attention-based functional brain networks.

As seen in table 1, even though all three combinations served to discriminate significantly
between groups, for combinations 2 and 3, the within-group fMRI-SNP relationship was
only significant for the schizophrenia group and not for controls, unlike combination 1
which was significant for both the healthy control and schizophrenia groups. This
observation adds to the validity of the results by confirming strong associations of these risk
genes and fMRI components especially within the schizophrenia population.

Results from this study also partly confirm similar fMRI-gene combinations to a prior study
from our group (Liu et al., 2009b). Specifically we saw that most of the posterior visual
association areas identified in our previous study remained consistent with our current
results. However, this component (fMRI-a) also included additional fronto-temporal regions
that were not identified in our prior study. However the gene associations with this imaging
component did not overlap with our previous results. In addition we found two separate
fMRI-gene relationships in the current study that we did not observe previously. These
differences could be due to two reasons 1) the samples used in our study were not the same
as those studied previously and 2) the set of genetic markers was very different between the
two studies. The (Liu et al., 2009b) study examined >300 SNPs from a custom SNP chip
that, overlapped to a very limited extent with the hypothesis-guided nature of the current
study. A potential drawback of our study was the small number of SNP’s included and the
relatively low subject numbers. Even though (as previously mentioned) the Parallel ICA
algorithm is robust with smaller datasets (Liu et al., 2008; Liu et al., 2009a; Liu et al.,
2009b), it will be important to measure such relationships in a larger sample with SNPs
derived from the entire genome to increase statistical power and effect size of associations.
Another issue that we could not account for in the present study was the influence of
medication on fMRI patterns and in turn their relationship with gene components, primarily
due to the lack of complete pertinent information. Also, future studies might be needed to
investigate relationships between similar risk genes and other aspects of functionality (e.g.
attention, resting state etc.) that are known to be compromised in schizophrenia as well as
studying non-Caucasian populations.

In conclusion, we present a focused multimodal study to reveal relationships between AOD
functionality and specific risk genes for schizophrenia. Our data thus validate previously
found associations found via univariate methods and extends our knowledge to the inter-
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relationships between different risk genotypes to attention processing in schizophrenia. In
addition, we also show new genetic correlations with a “default mode” network that
successfully discriminated schizophrenia patients from a control population. The findings of
the study thus indicate that heritable endophenotypes such as the fMRI-AOD have value in
elucidating genotype-phenotype relationships in a multivariate fashion.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Detailed flow diagram depicting the parallel ICA procedure.
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Figure2.

Spatial representation of all three significant brain networks (Total N = 66; 35 Controls & 31
Schizophrenia patients) derived from parallel ICA thresholded at |Z| > 2. The fMRI
networks identified comprised of the following regions fMRI-a : Inferior frontal gryus,
anterior cingulate, posterior cingulate, thalamus, caudate, lingual gyrus, precuneus and
cerebellum, fMRI-b : Superior temporal gyrus, middle/medial temporal gyrus, cingulate and
premotor regions, fTMRI-c : medial prefrontal gyrus, middle temporal gyrus, posterior
parietal and precentral gyrus (constituents of default mode network) superior temporal
gyrus, orbito frontal cortex.
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