1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Neuroimage. 2009 July 1; 46(3): 809-816. doi:10.1016/j.neuroimage.2009.02.045.

Genetic Determinants of Target and Novelty Related Event-related
Potentials in the Auditory Oddball Response

Jingyu Liuliz’*, Kent A. Kiehl1v3!4, Godfrey Pearlson516, Nora l. Perrone-Bizzozero4, Tom
Eichele7, and Vince D. Calhoun1:2,4,5,6

1 The Mind Research Network, Albuquerque, NM, 87131

2 Department of Electrical and Computer Engineering, University of New Mexico, Albuguerque, NM, 87131
3 Department of Psychology, University of New Mexico, Albuquerque, NM, 87131

4 Department of Neurosciences, University of New Mexico, School of Medicine, Albugquerque, NM, 87131
5 Olin Research Center, Institute of Living, Hartford, CT, 06106

6 Department of Psychiatry, Yale University, New Haven, CT, 06511

7 Department of Biological and Medical Psychology, University of Bergen, Bergen, Norway

Abstract

Processing of novel and target stimuli in the auditory target detection or ‘oddball’ task encompasses
the chronometry of perception, attention and working memory and is reflected in scalp recorded
event-related potentials (ERPs). A variety of ERP components related to target and novelty
processing have been described and extensively studied, and linked to deficits of cognitive
processing. However, little is known about associations of genotypes with ERP endophenotypes.
Here we sought to elucidate the genetic underpinnings of auditory oddball ERP components using a
novel data analysis technique. A parallel independent component analysis of the electrophysiology
and single nucleotide polymorphism (SNP) data was used to extract relations between patterns of
ERP components and SNP associations purely based on an analysis incorporating higher order
statistics. The method allows for broader associations of genotypes with phenotypes than traditional
hypothesis-driven univariate correlational analyses. We show that target detection and processing of
novel stimuli are both associated with a shared cluster of genes linked to the adrenergic and
dopaminergic pathways. These results provide evidence of genetic influences on normal patterns of
ERP generation during auditory target detection and novelty processing at the SNP association level.
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Introduction

The scalp recorded event-related potential (ERP) samples a sequence of cerebral processes
leading to discrimination of a target or novel stimulus in an oddball experiment. The waveform
comprises a number of ERP components, such as the early negative peak, N1, which peaks
around 100ms post-stimulus, N2 at about 200ms and a P3 between 300-500 ms (Polich,
2003; Polich and Kok, 1995). The P3 has been most widely studied to investigate cognitive
processes such as attention, memory and decision making processes (Donchin and Coles,
1988; Hansenne, 2000; Kugler et al., 1993; Picton, 1992; Polich, 2007) in healthy controls as
well as in awide range of mental illnesses, such as schizophrenia and Alzheimer disease, where
P3 responses are abnormal (Antal et al., 2000; Blackwood, 2000; O’Donnell etal., 2004; Polich
and Corey-Bloom, 2005; Turetsky et al., 2000). ERPs elicited by deviant stimuli interspersed
with repetitive standard elements demonstrate two subcomponents of P3, a earlier positive
peak (~250-270 ms) with frontocentral distribution elicited by task-irrelevant distracters (P3a)
or novel stimuli (Novelty P3), indicating an automatic/bottom-up shift of attention, and a later
(~300-350 ms) parietal P3b that is elicited by task-relevant stimuli, which is particularly
sensitive to probability, stimulus sequence, and target-to-target interval (Croft et al., 2003;
Squires et al., 1976; Sutton et al., 1965).

The generating mechanisms of ERPs, in particular those of P3, are of great interest (Polich and
Criado, 2006). Generator sites of P3 potentials are widespread across the brain and involve
multiple regions in the frontal, temporal and parietal lobes (Eichele et al., 2005; Kiehl et al.,
2005). Javitt and colleagues recently reviewed the underlying pathophysiological mechanisms
for schizophrenia, and P3 abnormality was associated with abnormal dopaminergic function,
as well as GABA-ergic and cholinergic functions (Javitt et al., 2008). To date, the locus
coeruleus noradrenergic system and the ventral tegmental area and substantia nigra
dopaminergic pathways have been proposed as dominant transmitter systems for P3 responses
(Nieuwenhuis et al., 2005a, Polich, 2007). This is (indirectly) supported by fMRI activations
in these areas elicited by novelty processing and predictive coding, functions known to drive
the P3 (Bunzeck and Duzel, 2006; D’Ardenne et al., 2008).

In twin and family studies, ERP measures show high degrees of heritability (van Beijsterveldt
and van Baal, 2002). The P3a and P3b show similar high heritability ranges from 0.6 to 0.8
(Frangou etal., 1997; van Beijsterveldt and Boomsma, 1994). These findings suggest that ERPs
can provide reliable endophenotype information for the pursuit of a genetic basis of brain
functions and their generation mechanism. However, little is known about the genetic
underpinnings of ERPs, the knowledge so far is derived from very limited studies on the P3
(Begleiter et al., 1998; Hammond et al., 1987; Hansenne, 2000; Mulert et al., 2006). Somewhat
divergent results show that the P3 is connected with a set of scattered dopamine-related (Mulert
et al., 2006), adrenergic related and cholinergic-related genes (loci), and also mapping to
additional loci on chromosomes 2 and 6 (Begleiter et al., 1998). In the majority of studies of
genetic influences to normal or disordered brain processes performed so far, a small set of
genes were preselected based on prior information, and then investigated using a hypothesis-
driven approach (Cedazo-Minguez, 2007; Mulert et al., 2006; VVawter et al., 2004b). To avoid
problems associated with gene pre-selection biases, here we developed a data-driven method
for larger, unbiased, gene pools.

The purpose of the present study was to explore the genetic influences on the ERP using a set
of 384 single nucleotide polymorphisms (SNPs) located in 222 genes. This array was initially
designed for metabolism studies and includes genes from different physiological systems. We
used a three-stimulus auditory oddball discrimination task to elicit target and novelty related
responses, yielding the N1, N2b, P3a and P3b component peaks in the ERP waveforms. To
identify the underlying relationship between SNP patterns and ERP patterns, where the SNP
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patterns present associations encoding different physiological processes and ERP patterns
reveal independent event-related brain processes, we assumed that multiple associations exist
in the SNP pool, and multiple brain functions are represented in the ERP such that the potential
connections between them are inherently multivariate. In other words, we proposed that SNP
associations may contribute to biological/cognitive functions and that the functions may affect
portions of the ERP waveform. This idea is supported by recent findings revealing the
associations of multiple SNPs with complex cognitive processes (Roffman et al., 2006;
Seshadri et al., 2007). Following this assumption, we adapted a blind source separation method
that affords a parallel multivariate decomposition of data from different modalities, based on
independent component analysis (ICA). Parallel ICA provides a way to extract the overall
strongest connections between two modalities from a multivariate perspective. It has been
previously applied to combine functional magnetic resonant imaging and genetic data collected
from schizophrenia patients and controls (Liu et al., 2008; Liu et al., 2009), and was able to
extract a set of genes linked to schizophrenia.

In this paper, parallel ICA of ERPs and SNPs is employed to extract relationships between
patterns of ERP components and SNP associations. We show that novelty and target processing
are associated with a common cluster of genes linked to the adrenergic and dopaminergic
pathways. These genetic influences on ERP generation during auditory novelty and target
processing help to understand the signal generation mechanisms underlying these brain
responses, and may ultimately help identify multimodal diagnostic markers of mental illnesses.

Materials and Methods

Subjects

We selected data from 41 healthy Caucasian participants (24 female, age 39+19; 17 male, age
38+14) who were recruited for several related studies at the Olin Neuropsychiatry Research
Center at the Institute of Living in Hartford (CT). All participants were free from any history
of DSMIV Axis | or Axis Il psychopathology as assessed with the SCID (structured clinical
interview for diagnosis). All participants provided written, informed, IRB-approved consent
at Hartford Hospital.

Experiment design

The auditory oddball discrimination task consisted of responding to an infrequent target sound
within a series of frequent standard sounds and infrequently presented task irrelevant novel
sounds, as used in our prior studies (Kiehl et al., 2005). The standard stimulus was a 500 Hz
tone, the target stimulus a 1000 Hz tone, and the novel stimuli consisted of non-repeating
meaningless sounds (e.g., tone sweeps, whistles). The target and novel stimuli occurred with
a probability of 0.10 each; the standard stimuli occurred with a probability of 0.80. Each
stimulus was presented to participants by a computer-controlled sound system that delivered
the auditory stimuli with a 200 ms duration and a 2000 ms stimulus onset asynchrony.
Participants were instructed to respond as quickly and accurately as possible with their right
index finger every time they heard a target stimulus and not to respond to standards or novels.

Data acquisition

EEG/ERP: Electroencephalograms (EEG) were acquired continuously while participants were
performing the auditory oddball task. Data were collected using an SA bioelectric amplifier
system capable of amplifying electrical activity from 64 separate single-ended channels. Scalp
potentials were recorded from tin electrodes (ElectroCap International) placed over 62
electrode sites according to standard placement guidelines of the International 10-20 System
and some additional sites. (EOG) was recorded from electrodes located on the lateral and supra-
orbital ridges of the right eye. All electrodes were referenced to the nose. Electrical impedances
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were maintained below 10 kQ throughout the experiment. The EEG channels (SA instruments)
were amplified (20,000 gain) with a band pass filter of 0.01 to 100 Hz, digitized on-line at a
rate of 500 samples per second, and recorded on computer hard disk.

Continuous EEG recordings were filtered by a high pass 0.05 Hz filter, preprocessed using
independent component analysis (ICA) to remove eye blink artifacts. The ICA utility built in
the EEGLAB software (Delorme and Makeig, 2004) was used to decompose EEG recordings
to independent components, and then an in-house template matching algorithm (Jung et al.,
2000) was used to identify eye blinks (see supplement Figure 1 for the eye blink template).
Then, EEG signals were segmented from 210 ms pre-stimulus to 1050 ms post-stimulus. ERPs
were constructed for trials in which participants correctly responded, and those trials were
baseline corrected, artifacts rejected with a 100 uV maximum amplitude safeguard, averaged
and filtered with a 30Hz low pass filter. The averaged epoch was 1250 ms long with a 200 ms
pre-stimulus baseline.

SNP data: A blood or saliva sample was obtained for each subject and DNA was extracted.
Genotyping was performed using the Illumina BeadArray™ platform and the GoldenGate™
assay (Fan et al., 2003; Oliphant et al., 2002). The PG Array of Genomas Inc. (Hartford, CT,
USA) was used, which contains a SNP array consisting of 384 SNPs from 222 genes from 6
physiological systems: neurobiology, cardiovascular system, inflammation, metabolism,
cholesterol biochemistry, and cell proliferation (Liu et al., 2009). The following pathways were
represented: neurotransmitter axes (serotonin, dopamine cholinergic, histamine and
glutamate), apolipoproteins and receptors, insulin resistance, glucose metabolism, energy
homeostasis, adiposity, fatty acid and cholesterol metabolism, lipases, cell signaling and
transcriptional regulation, growth factors, drug metabolism, blood pressure, vascular signaling,
endothelial dysfunction, coagulation and fibrinolysis, vascular inflammation, cytokines and
behavior (satiety). Genotyping analysis software, GenCall, was used to cluster the resultant
intensities from the genotyping microarray into three clusters: AA, AB, and BB without
assuming dominant or recessive inheritance. SNPs passing quality control were selected,
resulting in 326 SNPs. Genotypes are inherently categorical and were represented as discrete
numbers, e.g. 1 for one type of homozygous, 0 for heterozygous and —1 for the other type of
homozygous. Negative and positive signs are not important in our application, since we look
at genotype variation.

Data analysis and statistics

Novel and target ERPs were analyzed separately, in conjunction with the SNP data. The method
to analyzing data is parallel ICA, developed in-house and publicly available at
(http://icatb.sourceforge.net/fusion/fusion_startup.php). Parallel ICA is a variant of ICA
designed for the processing of multimodal data, which maximizes the independence within
modality using an entropy-based cost function (Bell and Sejnowski, 1995), while also
identifying inter-modality correlations through an additional cost function. The total cost
function scales independent information carried by entropy terms and connections between
different modalities in a balanced way. Just like ICA, parallel ICA assumes for both modalities
that the observation is a linear mixture of independent components, and there is no explicit
noise model and particular requirement for input data type. The mixing processes in the two
modalities are assumed to be linked in parallel ICA, i.e. components are mixed into
observations in a similar or related way. A full description of the parallel ICA algorithm is
found in (Liu et al., 2008; Liu et al., 2009). Here, parallel ICA was utilized to extract the
independent components in ERPs and SNPs, and to identify the connections between two
modalities.

ERP data were constructed as a matrix of subjects-by-ERPs, where ERPs were averaged epoch
responses concatenated from 64 channels’, i.e. containing the entire spatio-temporal
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information available from an averaged dataset. SNP data were organized as a matrix of
subjects-by-SNPs. These two matrices were the inputs for the parallel ICA as illustrated in
Figure 1. In this work, an ERP component is a weighted set of ERP time points which is
maximally temporally independent of the other ERP components, presenting an underlying
neuroelectrical signal. A SNP component is a weighted set of SNPs which is maximally
independent of the other SNP components. The SNPs with large weights within a given
component contribute significantly. We assumed each ERP or SNP component appears to
different extents in different subjects. The ERP and SNP components are linked by virtue of
their inter-subject variability, i.e. the loading pattern of the SNP and ERP components in 41
subjects. Figure 1 provides a schematic illustration of the parallel ICA implementation in this
study. X7 and Xj are the preprocessed ERP and SNP data, respectively. S; and S, are the
extracted components of ERP and SNP, representing sources. A; and A, are the mixing/loading
parameter matrices for ERP and SNP components respectively, and they both compose of
vectors of 41 elements, with one vector corresponding to one component’s loading pattern in
subjects. The correlations of A vectors with A, vectors are the aimed relation between SNP
and ERP in the analysis, which enables us to evaluate the likely possibility that multiple SNPs
contribute to a given ERP component of interest.

Estimation of the number of components is still an open and challenging problem. The Akaike
information criterion (AIC) is one of validity functions based on information theory to
determine data dimensionality (Akaike, 1974). But AIC tends to overestimate component
number (De Ridder et al., 2005). To mitigate over-estimation of the dimensionality we used
the AIC estimated number as a beginning point and reduced the component number until the
resultant components were consistent among different leave-one-out validation runs. The AIC
estimated 15 for target ERP data, 13 for novelty ERP data, and 7 for SNP data. Based on
component’s consistency, the number of components was finally set to six for the target ERPs,
five for the novelty ERPs, respectively, and seven for the SNP data.

We performed the leave-one-out cross evaluation, used in the component number estimation
procedure, to validate findings in the study by evaluating the consistency of the SNP/ERP
components and their inter-correlations on a random subset of the data with the same parallel
ICA specifications. Since the method aims at finding relations between extracted components
from both modalities, the derived correlations, therefore, are those between five or six ERP
components with seven SNP components. Bonferroni correction for multiple comparisons is
performed on the 35 or 42 possible correlation coefficients.

The output of the parallel ICA comprises paired independent components from both modalities.
Each ERP independent component (IC) had time courses from 64 channels. The scalp
distribution of each IC was identified using the peak value of each channel. Each SNP IC was
a SNP association with contribution weights for 326 SNPs. A threshold on the weights (Z score
=2.5, set empirically around 1% probability cutoff for an alternation on a normal distribution)
was applied to select the dominant/important SNP loci of great effect for each SNP component.
The cross-correlations among the selected SNPs were also evaluated to provide an indication
of genetic interplay. Possible confounds of the ERPs, i.e. age and gender were also evaluated
using linear regression.

Pathway analysis

To have a better understanding of the mechanism by which the set of genes modulate the
generation of event related responses, most likely canonical pathways that genes of interest
derived from the selected SNPs are involved were indentified using Ingenuity Pathway
Analysis software (Ingenuity Systems, Redwood City, CA, USA). First, the genes of interest
were entered into a pathway entity list. Then, from the Ingenuity’ knowledge base, a repository
of molecular interactions, regulatory events, gene to phenotype associations and chemical
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knowledge, the entities including genes, chemicals, enzymes, complexes and etc. bridging
genes of interest with direct and indirect relationship (allowing one entity in between) were
added into the list. Finally, well-characterized signaling and metabolic pathways were assigned
to the pathway analysis list, when more than 2 entities are included in the pathway.

Target-related independent components

The multi-channel, multi-subject ERP in response to targets was decomposed into six
independent components representing independent brain processes (Figure 2, Left), among
which one overlapped with the N2 peak (—6.22uV peaking at 196ms and Cz location), another
with the early P3 (7.41uV peaking at 304ms at Cz location, and peak width of 233~382 ms
measured at half maximum), and a third with a later potion of P3 (5.98uV peaking at 472ms
Pz location, peak width of 344~720 ms measured at half maximum). The N1 peak was partially
accommodated by the early and late P3 ICs. These three ICs accounted for 97.8% of the
variance of the averaged ERPs in all channels. The remaining three ICs had non-distinct/noisy
time courses (light and dark green lines in Figure 2, Left), contributing little to the variance of
the event-related responses (peak values at Cz location are 0.34+4.33uV, 0.06+3.13uV and
0.05+1.42uV in 41 subjects, respectively), and these were omitted from further analysis. Figure
2, Left shows the averaged ERP time course and IC time courses reconstructed at a parietal
midline location (Pz). The black dashed line is the averaged target ERP, the colored lines
correspond to the ICs. The scalp distributions of the ICs of interest were also plotted. The N2
IC is distributed in central/frontal region of the scalp. The early P3 IC is frontocentrally located,
and the late P3 IC localized to parieto-occipital electrode sites, with polarity inversion over
frontal sites.

Novelty-related independent components

Five event-related independent components were extracted from ERPs responding to novel
stimuli, including an N2 IC (—2.72uV peaking at 222ms Cz location), an early P3 IC
(11.48pV peaking at 318ms and Cz location, peak width of 231~370 ms measured at half
maximum) and a small late P3 IC (2.94uV peaking at 450ms and Pz location, peak width of
348~487 ms measured at half maximum), accounting for 99.0% of the variance. The N1 peak
was mainly contained in the early P3 IC. Two further ICs (shown in Figure 2, Right, light and
dark green lines) were identified as ICs of no interest, since no distinct peak waveform was
recognized (peak values at Cz location are 0.35+1.93uV and 0.003+4.72uV in 41 subjects).
Figure 2, Right shows the averaged ERP time course and IC time courses at a central midline
location Cz. The black dashed line is the averaged novel ERP, and the colored lines are IC time
courses, where the late P3 IC is very marginal. The N2 IC is distributed in the central/frontal
part of the scalp. The early P3 IC localized to central/frontal areas, and the late P3 IC localized
to the parietal areas.

Similarity and difference between target-related and novelty-related ICs

Results from target and novel ERPs were identified across separate decompositions, yet
showed strong similarity, besides differences, in the extracted independent components. They
both included three important ICs: the N2, early P3 and late P3. These three ICs shared similar
pattern of time courses and scalp topographies, and differed mainly in amplitude across
conditions. In target responses, the early and late P3 ICs had compatible amplitudes (statistics
in 41 subjects: 7.58+.12uV vs. 6.07+4.97uV, no significant difference in two-sample t-test:
t=1.02, p =0.31). The novel early P3 IC had relatively larger amplitude compared to the late
P3 IC to novel stimuli (statistics in 41 subjects: 11.52+6.35uV vs. 2.982.92uV, significant
difference in two-sample t-test t=7.83, p<1E-10). The late P3 components in target ERPs and
novelty ERPs show significant difference in terms of amplitude with p <0.001; and the early
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P3 component also presents differences in amplitude between target and novelty responses
with p<0.05. The N1 peak was clustered into P3 ICs (mainly the early P3 IC) under both
conditions. From the peak time of time course and scalp distribution map, the early P3 IC is
identifiable as the P3a, and the late P3 IC similar to that expected for the P3b. Hereafter, the
early P3 IC is termed as P3a IC; the late P3 IC is named as P3b IC.

Connection between target-related ICs and SNPs

The strongest correlation extracted by parallel ICA between the target ERPs and the SNPs was
r =0.51+0.08 (from 50 runs with p<0.0012, Bonferroni corrected) between the P3b IC plotted
in Figure 2, Left, and selected SNPs in a SNP component as listed in Table 1-A, including
eleven loci. Leave-one-out cross validation of the relation between target ERP and SNP shows
that the P3b and the SNP component were correlated with coefficient of 0.43+0.15, and with
one sample t-test against zero t=17.55, p<le-19. No other connection was significant after
Bonferroni correction. The loading parameter of the P3b IC in subjects was also related to age
with a correlation of r =—0.40 (p<0.01, one correlation test only). No significant relation was
found with gender. 17% of the variance of the P3b IC loading pattern in subjects was explained
by the SNP association and 2% by age.

Connection between novelty-related ICs and SNPs

Association

The strongest correlation between novelty related ICs and SNPs was 0.50+0.08 (from 50 runs
with p<0.0014, Bonferroni corrected). The correlated independent components were the P3a
IC plotted in Figure 2, Right and the paired SNP component with nine selected SNPs listed in
Table 1-B. Leave-one-out cross validation of the relation between novelty ERP and SNP shows
that the P3a and the SNP component was correlated with coefficient of 0.47+0.09, one sample
t-test t=31.60, p<le-29. No significant connection between either N2 IC or P3b IC with any
SNP association was identified after Bonferroni correction. The loading parameter of the P3a
IC in subjects was related to age with a correlation of r =—0.53 (p<0.01, one correlation test
only). No significant relation was found with gender. The variance of the P3a IC loading pattern
was explained 6% by the SNP association and 14% by age.

of specific SNPs linked to event-related ICs

A total of 11 SNPs appeared in the target ERP-SNP and novel ERP-SNP links, which were
rs1800545, rs7412, rs1128503, rs3842726, rs6578993, rs1045642, rs2278718, rs521674,
rs429358, rs3813065 and rs4121817. These SNPs derive from 6 genes: alpha-2A-adrenergic
receptor (ADRA2A), apolipoprotein E (APOE), tyrosine hydroxylase (TH), malate
dehydrogenase 1, NAD (MDH1) and ATP-binding cassette, sub-family B, member 1
(ABCB1), and phosphoinositide-3-kinase, class 3 (PIK3C3). Figure 3 shows the cross
correlations among the genotypes of 11 SNPs in 41 subjects with absolute value larger than
0.4. Two distinct sections are denoted in the figure: SNPs within section A are correlated
positively, as do SNPs within section B. However SNPs in section A are negatively correlated
with SNPs in section B. This clustering was also supported by the z-scores indicating SNP
contributions to the genetic component (Table 1).

Pathway analyses

The biological significance of a subset of selected genes was further analyzed using biological
networks and canonical pathways. The goal of this analysis was to identify possible pathways
in which genes of interest may regulate the ERP generation. As shown in Figure 4, six canonical
pathways were identified including tyrosine metabolism, dopamine receptor signaling, G-
protein receptor signaling, CAMP-medicated signaling, axonal guidance signaling, and
glucocorticoid receptor signaling. The nodes are the entities in the analysis list. The node shapes
denote complex, enzyme, growth factor, chemical, G-protein coupled receptor, kinase and
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transporter, respectively. The black edges are biological relationships between nodes (solid
line, direct association; dashed line, indirect association). All edges are supported by canonical
information stored in the Ingenuity Pathways Knowledge Base. The blue lines indicate
involvement in the identified pathways. MDH1, APOE, and ABCBL are not involved in the
selected pathways, and MDH1 does not have any direct and indirect connection with any other
gene in the selected set of genes.

Discussion

We designed this study to investigate the genetic underpinning of target detection and novelty
processing as indexed by independent components contributing to scalp recorded event-related
responses. The P3 and its subcomponents consistently appear as a major response in auditory
oddball tasks and since the subcomponents show similar levels of inheritance based on family
studies, we hypothesized that their genetic sources likely share a common origin. We also
hypothesized that these components would be linked to norepinephrine and/or dopamine
related genes (Javitt et al., 2008; Nieuwenhuis et al., 2005a; Nieuwenhuis et al., 2005b; Polich,
2007).

Based on the results derived from target ERPs, the P3b IC was linked to a set of SNPs, whereas
in novel ERPs the P3a IC was shown to have a SNP association. The SNP association linked
to the P3b in Table 1-A is very similar to that linked to the P3a in Table 1-B (9 out of 11 SNPs
are the same), suggesting that the two SNP associations are essentially identical. Our finding
that these 1Cs share a common genetic origin is consistent with phenotypic findings from twin
and family studies (van Beijsterveldt and Boomsma, 1994; Frangou et al., 1997).

The genetic source extracted by parallel ICA in our study was a group of SNPs from 6 genes
coding for ADRA2A, TH, APOE, MDH1, ABCBL1, and PIK3C3. These SNPs were clustered
into two sections (Figure 3). These two sections were both centered at ADRA2A, which
mediates adrenergic synaptic transmission. TH is involved in the conversion of tyrosine to
dopamine, a precursor to norepinephrine and then to epinephrine. Not only does TH play a key
role in the tyrosine metabolism pathway, but also, as illustrated in Figure 4, is the rate-limiting
enzyme in catecholamine synthesis. Dopamine is converted to norepinephrine by dopamine
beta-hydroxylase in some neuronal populations, such as the noradrenergic neurons in the locus
ceruleus (LC). Both alpha-1 and the alpha-2 adrenergic receptors are present in LC and likely
have an important role in behavioral activation related to novelty (De Sarro et al., 1987). A
recent study showed that such LC Alpha-1 receptors are activated not only by norepinephrine,
but also by dopamine, which is an endogenous agonist for behaviorally activating LC
alpha-Z1receptors in response to novelty (Lin et al., 2008). Although alpha-1 rather than the
alpha-2 adrenergic receptors indicated in our SNP component were identified in this study, the
LC has projections to the regional cortical sources of the P3 and plays a key in the P3 generation;
determining Norepinephrine/Dopamine interactions in the context of novelty-related activation
sheds interesting light on our findings. Altogether, these results support the previously
conjectured neurophysiology model of adrenergic and dopaminergic pathways in the state of
arousal and attention (Nieuwenhuis et al., 2005a;Polich, 2007).

Phosphoinositide-3-kinases are involved in both receptor-mediated signal transduction and
intracellular trafficking. Specifically, PIK3C3 functions in many signaling pathways, and in
our study it appears in three pathways: glucocorticoid receptor signaling, axonal guidance
signaling and G-protein coupled receptor signaling, which influence brain developmental
processes. In particular, PIK3C3 promoter variants have been associated with the development
of bipolar disorder and schizophrenia (Lencz et al., 2007; Stopkova et al., 2004). The P3 also
presents different levels of associations with bipolar disorder and schizophrenia, respectively
(O’Donnell et al., 2004; Turetsky et al., 1998; Turetsky et al., 2000). Given the involvement

Neuroimage. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 9

of PIK3C3 in signal transduction, it is likely that the protein participates in the amplification
of the initial dopamine or NE-derived signal during the generation of the P3.

MDHY1 catalyzes the reversible oxidation of malate to oxaloacetate. The protein encoded by
this gene is localized to the cytoplasm and may play pivotal roles in the malate-aspartate shuttle
that operates in the metabolic coordination between cytosol and mitochondria (Musrati et al.,
1998). Decreased expression of this gene has been observed in the prefrontal cortex (Middleton
et al., 2002; Vawter et al., 2004b) and peripheral lymphocytes of patients with schizophrenia
(Vawter etal., 2004a), suggesting that this gene may be involved in the metabolic abnormalities
seen in the patients. Event-related response differences between schizophrenia patients and
healthy controls might be potential outcome effects of the metabolic abnormalities.

APOE is involved in cholesterol transport, but has been shown to be involved in several
neurotransmitter (such as cholinergic, noradrenergic and serotonergic) projection pathways,
influencing prefrontal, parietal cortex and the hippocampus in multiple ways (Chapman and
Michaelson, 1998). Moreover, APOE has been marked as an important risk gene for
Alzheimer’s disease and other neurological diseases (Cedazo-Minguez, 2007; Higgins et al.,
1997; Laskowitz and Vitek, 2007). P3 amplitude reduction and latency prolongation have been
repeatedly observed in Alzheimer’s disease patients (Polich and Corey-Bloom, 2005) and
APOE ¢4 allele carriers exhibit reduced P3 amplitude prior to the emergence of clinically
relevant cognitive symptoms (Reiman et al., 2001). The membrane-associated protein encoded
by ABCBL is a member of the superfamily of ATP-binding cassette transporters, responsible
for decreased drug accumulation in multidrug-resistant cells and also functions as a transporter
in the blood-brain barrier. Specific polymorphisms in this gene have been associated with
alterations in drug uptake to the central neural system (Basic et al., 2008; Kim et al., 2008).
Although we do not know precisely how ABCB1 and APOE interact with dopamine or NE-
derived signal transduction pathways, we hypothesize that the above genes may be responsible
for signal amplification, thus influencing response magnitude and duration.

We also tested possible confounding effects from age and gender, and the results show that
age is a significant factor influencing response magnitude, which has been identified in the
literature (Polich, 1997). Based on relational analyses between age and the expression of
individual genes, both TH and APOE showed a significant correlation with age (p<0.01). One
possible explanation for the age effect could be through its interaction with the APOE and
TH alleles. APOE &4 interacting with aging is a risk factor for the common, late-onset form of
Alzheimer’s disease (Serretti et al., 2007), and it is associated with age-associated/dependent
symptoms. For example, a decrease in cerebrospinal fluid beta-amyloid 42 concentration was
significantly and substantially greater in subjects with the APOE &4 allele compared with those
without the APOE ¢4 allele in adults with normal cognition (Peskind et al., 2006). The
significant increase in TH mRNA expression in aged animals suggests an enhanced synthetic
capability to compensate for LC cell loss (Shores et al., 1999), which directly affects P3
generation.

This report reveals the possible genetic influences on ERP at the SNP association level. Even
though the ERP hosts distinct components, from prior research most likely linked to different
neurotransmitter systems, our data suggests they appear to be closely linked genetically, as
expected from their close neurophysiologic association and similar heritability. In depth studies
of the identified genes are by all means necessary in order to fully understand how those genes
shape the brain processes. The method used in the study, parallel ICA, is a data driven
multivariate association approach. Accurate estimation of component number is required and
findings are purely based on data statistics and therefore verifications based on their biological
interpretations or other biological-based (such as molecular experiments) approaches are
necessary. As we discussed above, some of our findings are highly consisted with ERP
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generation hypotheses in literature and others are not expected but logically implicated.
Overall, the findings are informative and interesting, providing new perspective to understand
the ERP generation. Further studies with replication in larger population samples and molecular
level investigation are needed for any broader conclusion.

We believe that these results and parallel blind source decomposition methodology have
implications for future genomic studies on the understanding of normal brain function and its
alternations in mental illnesses. The multivariate method helps to identify complex objective
biological measures of psychopathological variables, and such findings may aid in early
diagnosis of mental illnesses and lead to development of individual treatment strategies on a
genetic variation basis.
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Illustration of parallel ICA implemented in ERP and SNP. Data from SNP and ERP are entered

into an optimization algorithm with a cost function listed in the dash line box, based on entropy

terms ( H(Y1) and H(Y>) ) and a correlation term between A; and A,. Y4 and Y, are functions
of components used to calculate entropy terms. W1g and Woq are bias weights. W, and W, are
the weights to find components. As results, independent components are extracted from both

modalities, as well as their possible correlations.
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Independent components extracted from event related potentials. Left: the averaged ERP

waveform responding to targets and six extracted ICs are plotted at location Pz, to have a full
strength view of the late P3 IC. The scalp distributions of the N2, early P3 and late P3 ICs are
presented with color indication illustrated. The other three ICs are waveforms with relatively
smaller amplitude. Right: the averaged ERP waveform responding to novelty and five extracted
ICs are plotted at location Cz, to have a better view of the early P3 IC. The scalp distributions
of the N2, early P3 and late P3 ICs are also presented with the same color mapping. The other
two ICs have waveforms with relatively smaller amplitude.
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Cross correlations of 11 SNPs from 6 genes. 11 SNPs are grouped into two sections based on
their genotype patterns in 41 subjects. SNPs in section A are positivity related, SNPs in section
B are positively related, but SNPs in Sections A and B show negatively correlated patterns.
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Figure 4.

Pathways analysis on the set of genes contained in the SNP component. Nodes are the entities
in the analysis list, including genes of interest and entities bridging them. A black edge
represents a relationship between two nodes. Blue lines show the node’s involvement with a
canonical pathway. Six canonical pathways were indentified to be most likely involved from
Ingenuity pathway knowledge base.
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