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Oligodendrocyte genes and white matter tracts have been impli-
cated in the pathophysiology of schizophrenia and may play an
important etiopathogenic role in cognitive dysfunction in schizo-
phrenia. The objective of the present study in 60 chronic schizo-
phrenia patients individually matched to 60 healthy controls was to
determine whether 1) white matter tract integrity influences cogni-
tive performance, 2) oligodendrocyte gene variants influence white
matter tract integrity and cognitive performance, and 3) effects
of oligodendrocyte gene variants on cognitive performance are
mediated via white matter tract integrity. We used the partial least-
squares multivariate approach to ascertain relationships among oli-
godendrocyte gene variants, integrity of cortico-cortical and subcor-
tico-cortical white matter tracts, and cognitive performance. Robust
relationships among oligodendrocyte gene variants, white matter
tract integrity, and cognitive performance were found in both
patients and controls. We also showed that effects of gene variants
on cognitive performance were mediated by the integrity of white
matter tracts. Our results were strengthened by bioinformatic ana-
lyses of gene variant function. To our knowledge, this is the first
study that has brought together these lines of investigation in the
same population and highlights the importance of the oligodendro-
cyte/white matter pathway in schizophrenia, particularly as it
pertains to cognitive function.
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Introduction

Schizophrenia is a disease characterized by cognitive impair-
ment across multiple domains (Heinrichs and Zakzanis 1998).
Cognitive impairment in schizophrenia is heritable, largely
unrelated to medication effects, and clinically important since
it is a major determinant of real-world outcome (Gur et al.
2007). Though cognitive impairment is likely due to disrup-
tion in brain structure or circuitry, the genetics and neural cor-
relates of cognitive performance in schizophrenia are poorly
understood. An understanding of the relationship among
genetic risk variants, neural circuitry, and cognitive perform-
ance in schizophrenia would provide new directions for the
treatment of cognitive impairment in this disorder.
Schizophrenia is often conceptualized as a “disconnection
syndrome” (Friston and Frith 1995). Diffusion tensor imaging
(DTD (Shergill et al. 2007; Friedman et al. 2008; Kubicki et al.
2008; Pomarol-Clotet et al. 2010; Voineskos, Lobaugh et al.
2010; Whitford et al. 2010; Camchong et al. 2011) is providing
accumulating evidence for the disruption of microstructural
integrity of cortico-cortical and cortico-subcortical white
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matter tracts in schizophrenia. This disruption can impair
the fast and efficient transfer of information between brain
regions and contribute to cognitive impairment (Dwork et al.
2007). Some putative relationships between white matter tract
integrity and cognitive performance in schizophrenia have
been identified (Nestor et al. 2008; Szeszko et al. 2008; Miyata
et al. 2010). However, our current understanding of the effect
of microstructural integrity of white matter on cognition arises
mainly from DTI studies of healthy individuals and healthy
aging (Catani et al. 2007; Sullivan et al. 2008; Voineskos, Rajji
et al. 2012). To our knowledge, a multivariate examination of
how white matter tract integrity may influence cognitive per-
formance in schizophrenia has not yet been published.

Oligodendrocyte (or myelin) genes code for proteins that
influence the microstructural components of white matter
tracts that form the main barriers to water diffusion indexed
using DTI. These genes include oligodendrocyte transcription
factor-2 (OLIG2), 2',3'-cyclic nucleotide 3'-phosphodiesterase
(CNP), quaking (QKI), and myelin-associated glycoprotein
(MAG). They are predominantly expressed in oligodendro-
cytes and directly involved in their myelination (initiation,
deposition, compaction, and maintenance) (Davis et al. 2003)
and trophic support (Segal et al. 2007), axonal support
(McTigue and Tripathi 2008), and axo-glial interactions
(Pernet et al. 2008). There is replicated evidence for associ-
ation between these genes and schizophrenia (Aberg et al.
20006; Georgieva et al. 2006; Voineskos, de Luca et al. 2008)
and for altered regulation of these genes in the postmortem
schizophrenia brain (Hakak et al. 2001; Tkachev et al. 2003).
Gene variants from these genes show epistatic risk for schizo-
phrenia with variants in the neuregulinl-tyrosine kinase
receptor ErbB4 (NRG1-ErbB4) gene system and expression of
these two gene systems is coordinated (Georgieva et al.
2006). NRG1 plays an important role in cortico-cortical myeli-
nation during neurodevelopment (Chen et al. 2006), and
disruption of the NRG1-ErbB4 pathway in oligodendrocytes
in animal models leads to alteration of the myelin sheath of
major white matter tracts, reduced conduction velocity, and
cognitive changes (Roy et al. 2007).

The importance of oligodendrocytes and myelin genes in
schizophrenia is neuroanatomically congruent with DTI
studies that implicate white matter tracts (Friedman et al.
2008; Mclntosh, Maniega et al. 2008; Voineskos, Lobaugh
et al. 2010) connecting the cortical regions where these genes
are downregulated, and oligodendrocyte number is reduced
(Haroutunian and Davis 2007). Furthermore, white matter



integrity is substantially heritable (Chiang et al. 2009; Kochu-
nov et al. 2010). Therefore, we conducted a study to examine
the relationships among oligodendrocyte and NRG1-ErbB4
gene variants, white matter tract integrity, and cognitive per-
formance in a sample of patients with chronic schizophrenia
and matched controls. In order to assess relationships among
gene variants, white matter tract integrity, and cognitive per-
formance, we used the partial least-squares (PLS) multivariate
approach that is well suited to combining such data and holds
specific advantages over conventional univariate approaches
(McIntosh and Lobaugh 2004). Our main hypotheses were: 1)
There is a significant relationship between white matter tract
integrity and cognitive performance; 2) oligodendrocyte and
NRG1-ErbB4 gene risk variants influence white matter tract
integrity and cognitive performance; 3) gene variant effects
are more robustly associated with neuroimaging phenotypes
than on behavioral (i.e., cognitive) measures; and 4) reliable
relationships predicting cognitive function would be driven
by schizophrenia patients.

Materials and Methods

Subjects

Subjects were recruited at the Centre for Addiction and Mental Health
(CAMH) in Toronto, Ontario, Canada, via referrals, study registries,
and advertisements. They were between the age of 20-62 years
(Table 1), were administered the Structured Clinical Interview for
DSM-1V Disorders (First et al. 1995), and were interviewed by a psy-
chiatrist to enhance diagnostic accuracy. Subjects were also assessed
with the Wechsler Test for Adult Reading (WTAR) to estimate their
1Q, the Mini-Mental State Examination (MMSE) to characterize their
gross cognitive status, the Cumulative Illness Rating Scale for Geria-
trics (CIRS-G) (Miller et al. 1992) to characterize the burden of comor-
bid physical illness, and the Positive and Negative Syndrome Scale
(PANSS) (Kay et al. 1987) to characterize their symptoms. Medications
were self-reported and verified when necessary with the patient’s

Table 1
Demographic and clinical characterization of subjects

Demographic Patients with Healthy controls
schizophrenia (n = 60) (n=60)
Mean SD Mean SD
Age® 43 16 39 14
Education (years)® 13 2 16 2
WTAR (1) 109 17 118 8
MMSE? 29 2 29 1
CIRS-G* 6 3 1 2
Age of onset 24 7 NA NA
CPZE (mg/day) 357 278 NA NA
PANSS
Positive 14 5 NA NA
Negative 15 6 NA NA
General 26 7 NA NA
N N
Diagnosis 53 SZ, 7 SA NA
Gender 40M, 20F 40M, 20F
Handedness 58R, 2L 58R, 2L
Ethnicity 49C, 11 As 49C, 11 As
Antipsychotic generation 5 first, 51 second NA

Note: SZ, schizophrenia; SA, schizoaffective; NA, not applicable; M, male; F, female WTAR,
Wechsler test for adult reading; MMSE, mini-mental state examination; CIRS-G, cumulative
iliness rating scale, geriatrics; PANSS, positive and negative syndrome scale; CPZE,
chlorpromazine equivalent; C, Caucasian; As, Asian (based on self-report).

?Using two-tailed independent samples t-tests, patients and controls were compared for
age, education, WTAR, MMSE, and CIRS-G. Significant differences (P < 0.05) were present
only for education (tgs = 4.9, P < 0.001), WTAR (tgs = 2.7, P = 0.008), and CIRS-G

(tay = 9.6, P < 0.001).

treating psychiatrist and chart review; antipsychotic daily doses were
converted to chlorpromazine equivalent. Urine toxicology screens
were performed on all subjects and those with current substance
abuse or any history of substance dependence were excluded. Indi-
viduals with previous head trauma with loss of consciousness, or
neurological disorders were also excluded. A history of a primary psy-
chotic disorder in first-degree relatives was an exclusion criterion for
controls. Criteria used to match controls with patients were age
within 5 years, gender, handedness (Edinburgh Handedness Inven-
tory) (Oldfield 1971), and ethnicity. Subjects were recruited for the
study with matching criteria described. Although 146 matched sub-
jects were recruited, 15 were unable to complete the study (e.g., due
to failure to return for DT-MRI procedure, claustrophobia in magnetic
resonance imaging scanner, request to withdraw from study) and two
DTI scans were deemed unusable due to excessive artifact. From
these remaining 129 individuals, 60 schizophrenia patients were
matched to 60 controls and included for statistical analyses. The study
was approved by the Centre for Addiction and Mental Health Re-
search Ethics Board. All subjects provided written, informed consent.

Cognitive Testing

All subjects underwent a battery of cognitive tests administered over
approximately 1.5 h. This battery included tasks that assess a wide
range of cognitive domains in which impairment has been reported
in schizophrenia (Snitz et al. 20006; Rajji et al. 2009), namely executive
function, working memory, attention, verbal fluency, verbal memory,
visual memory, set-shifting, response inhibition, mental flexibility,
spatial ability, and sensorimotor function (Table 2).

Neuroimaging

DTI Acquisition

Images were acquired using an eight-channel head coil on a 1.5 T GE
Echospeed system (General Electric Medical Systems, Milwaukee, WI,
USA), which permits maximum gradient amplitudes of 40 mT/m. A
single shot spin echo planar sequence was used with diffusion gradi-
ents applied in 23 noncollinear directions and b=1000 s/mm?. Two
b=0 images were obtained. Fifty-seven slices were acquired for
whole-brain coverage oblique to the axial plane obtained parallel to

Table 2
Cognitive performance

Test Mean = SD
(patients with
schizophrenia)

Mean = SD
(healthy controls)

Test, P-value

EXIT 52+36 25+22 F=220,P <0.001
Letter number span 12141 16.5 =34 F=39.1, P <0.001
Stroop ratio® 24+07 21+06 F=62P=001
Letter cancellation® 80.0 + 29.1 57.4 +14.7 F =253, P<0.001
Finger taps (DH) 405 +113 484 +94 F=13.3,P<0.001
Finger taps (NDH) 37493 43391 F =88, P=0.004
Grooved pegboard (DH)? 93.7 +26.7 69.7 +14.7 F=354,P <0.001
Grooved pegboard (NDH)*  107.5 = 35.8 775+ 189 F=29.4,P<0.001
RBANS
List learning 25957 305 4.0 F=233,P<0.001
Figure copy 16.4 =35 176 =24 F=33,P=007
Line orientation 1563 +46 179+24 F=129,P <0.001
Category fluency 39.8 + 16.1 555 + 223 F=175,P<0.001
F+A+S 344118 48.8 134 F=353,P<0.001
Digit span 100+28 121 +25 F =196, P <0.001
Coding 406 =11.0 53.6 £ 12.4 F=318,P<0.001
List recall 52+23 73+17 F=213,P<0.001
Story memory 1567 +42 196 +3.2 F=329,P<0.001
Story recall 8327 104 =14 F=271,P <0.001
Figure recall 10.7 5.0 129 =44 F=47,P=003
TrailsB/TrailsA° 26+13 23+07 F=22,P=014

Note: DH, dominant hand; NDH, nondominant hand; F + A + S, total words starting with F, A,
and S; EXIT, Executive Interview; RBANS, Repeatable Battery for the Assessment of
Neuropsychological Status.

Higher scores are indicative of poorer performance.
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the plane passing through the anterior and posterior commissures
(i.e., AC-PC aligned). Slice thickness was 2.6 mm, and voxels were iso-
tropic. The field of view was 330 mm and the size of the acquisition
matrix was 128 x 128 mm, with time echo =85.5 ms, time repetition =
15000 ms. The entire sequence was repeated three times to improve
the signal-to-noise ratio.

Image Analysis and Tractography

The three repetitions were coregistered to the first »=0 image in the
first repetition using FSL (v. 4.0) www.fmrib.ox.ac.uk to produce a
new averaged image, with gradients reoriented according to the regis-
tration transformation. A final diffusion tensor was then estimated
based on all 75 aligned volumes using a weighted least-squares ap-
proach. Registration corrects eddy current distortions and subject
motion, and averaging improves the signal-to-noise ratio. A brain
“mask” was then generated. Points were seeded throughout each
voxel of the brain. Whole-brain tractography was performed with a
deterministic (streamline) approach (the Runge-Kutta order-two trac-
tography with a fixed step size of 0.5 mm). Detailed descriptions of
our tractography approach and our clustering segmentation algorithm
have been published (O’Donnell et al. 2006; Voineskos et al. 2009). In
brief, threshold parameters for tractography were based on the linear
anisotropy measure Cp, where G =(4,—1,)/4, and 4, and A, the two
largest eigenvalues of the diffusion tensor sorted in the descending
order. Thresholds were based on the Cj rather than on fractional ani-
sotropy (FA), to ensure that seeding in planar regions is minimized
(Ennis and Kindlmann 20006). Furthermore, for the clustering segmen-
tation approach that we use, seeding according to C; is helpful
because it lessens the effect of planar partial-volume regions where a
fiber may jump from one structure to another. By somewhat reducing
partial-volume tractography errors, the use of C; improves the ability of
the clustering algorithm to separate different white matter tracts. Tracto-
graphy and creation of white matter fiber tracts were performed using
3D Slicer (www.slicer.org) and Matlab 7.0 (www.mathworks.com).

Once the whole-brain cluster model was produced, a trained inves-
tigator (A.N.V.) combined the clusters that correspond to the follow-
ing fiber tract: Left and right uncinate fasciculus (UF), inferior
occipitofrontal fasciculus (IFOF), cingulum bundle (CB), inferior
longitudinal fasciculus (ILF), arcuate fasciculus (AF), and genu and
splenium (parietal, temporal, occipital fibers) of the corpus callosum
(see Supplementary Figure 1). As reported elsewhere (Voineskos
et al. 2009), the entire clustering procedure was performed on 10
patients with schizophrenia and 10 healthy controls and achieved
excellent spatial and quantitative reliability (i.e., both voxel overlap
and scalar measures of the tensor showed high agreement). Matlab
(v. 7.0) was used to calculate FA (Basser and Pierpaoli 1996); the
mean values along the selected tracts are presented.

We chose FA as our main diffusion-based measure of white matter
tract microstructural integrity. FA can be robustly measured with the
image acquisition parameters that we employed (Jones 2004). Fur-
thermore, there are several studies demonstrating FA reductions in
white matter tracts in schizophrenia, providing biological rationale to
combine FA measures of white matter tracts with genetic variation in
oligodendrocyte genes and cognitive performance. Changes in FA are
not due to any one tissue or cellular substrate, but rather are primarily
due to changes in axonal membranes or density, myelin sheath or
fiber number, or indirect effects of interactions between axons and
myelin (Beaulieu 2002). Such tissue substrates of FA align with our
chosen genes of interest that play key roles in axonal development,
myelin development, trophic support of axons and myelin, and axo-
glial interactions, as well as the likelihood that integrity of these struc-
tures is required for effective cognitive performance.

Genetics

Genes and Single-Nucleotide Polymorphism Selection

Oligodendrocyte gene variants were selected for study if they met the
following strong a priori rationale: Replicated genetic associations in
independent samples with schizophrenia, and replicated evidence
from independent samples indicating significant downregulation of
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these genes in schizophrenia postmortem brain. Four genes met these
criteria: QKI, MAG, CNP, and OLIG2. Single-nucleotide polymorph-
isms (SNPs) from these genes with a priori rationale for effects on
gene expression were then selected, such as the exonic CNP SNP,
rs2070106, and the 3’-untranslated region (UTR) OLIG2 SNP
rs1059004. These variants have been associated with schizophrenia
and with reduced expression of the respective gene in the schizo-
phrenia postmortem brain (Peirce et al. 2006). The expression of
several oligodendrocyte genes is tightly coordinated primarily by QKI
(Aberg et al. 2006). A mutation in the 5'-UTR of QKI directs its own
alternative splicing, leading to the QKI-7b splice variant, which
directs the regulation of several oligodendrocyte genes by binding to
their 3'-UTR, thus providing a plausible mechanistic explanation of
oligodendrocyte gene downregulation in schizophrenia (Aberg et al.
2006). QKI has been demonstrated to regulate both MAG and CNP
expression. The MAG SNP rs756796 lies within or very near the puta-
tive QKI-binding site, which directs alternative splicing of the MAG
gene (Aberg et al. 2006). Therefore, the SNPs selected include: The
5'-UTR SNP of QKI (rs2784865), the MAG SNP rs756596 just down-
stream of the MAG 3'-UTR, the previously identified MAG schizo-
phrenia risk SNPs rs720308, rs720309, and rs2301600, CNP
rs2070106, and OLIG2 rs1059004 and rs9653711. In addition, we gen-
otyped SNPs that belong to the NRG1-ErbB4 system and that have
recently shown association with white matter integrity using DTI: 1)
SNP8NRG243177, which leads to differential expression of a neuregu-
lin transcript, particularly in schizophrenia patients (Law et al. 2006);
2) SNP8NRG221533, which gave the strongest association with
schizophrenia in original reports (Stefansson et al. 2002); and 3)
ErbB4 rs839523, which was associated with elevated expression of
ErbB4 splice variants in schizophrenia (Law et al. 2007).

Genotyping Protocol

Genotyping of SNPs was performed using a standard ABI 5'-nuclease
Taqman® assay-on-demand protocol in a total volume of 10 pL. Post-
amplification products were analyzed on the AB 7500 Sequence De-
tection System (Applied Biosystems, Foster City, CA, United States of
America) and genotype calls were performed manually. Results were
verified independently by two laboratory personnel blind to demo-
graphic or diagnostic information. Ten percent of the sample was gen-
otyped at each SNP for a second time for quality control analysis.

Statistical Analysis

Demographbic and Group Differences

All SNPs were tested for the Hardy-Weinberg equilibrium. Demo-
graphic characteristics, such as age, IQ, and education were compared
between the schizophrenia and control groups using two-tailed inde-
pendent samples #-tests.

Although not a focus of this study, potential associations between
genotypes and diagnostic group were tested using y°. For potential
white matter tract differences and cognitive differences between
patients and controls, univariate ANCOVAs with age as a covariate
were used. The Bonferroni correction for multiple comparisons was
applied in each of these series of tests.

Multivariate Data Analysis

Multivariate analysis was performed using PLS, an approach that can
assess a large covariance matrix in multivariate neuroimaging (McIn-
tosh et al. 1996; McIntosh and Lobaugh 2004) and genetics data
(Raadsma et al. 2008; Opiyo and Moriyama 2009). PLS has several
advantages over conventional univariate approaches (McIntosh and
Lobaugh 2004), including: 1) Greater power; 2) the capability to deal
with datasets where the dependent measures within a block are
highly correlated; and 3) the capability to evaluate the reliability of
the findings over and above tests of significance. The use of resam-
pling algorithms to evaluate reliability enables a degree of certainty in
the analysis that conventional parametric statistics cannot provide.
Therefore, we used PLS (McIntosh et al. 1996; McIntosh and Lobaugh
2004) to examine the relationship among gene variants, white matter
tract integrity, and cognitive performance in patients and controls. For
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analyses with genetic data, risk allele carriers were grouped together
and compared with nonrisk allele carriers (based on previously pub-
lished reports), except for the ErbB4 rs839523 variant where G allele
homozygotes have been previously identified as the risk genotype.

For each analysis, the two diagnostic groups were analyzed to-
gether to characterize correlation patterns common to both groups,
and then each group was examined separately to characterize corre-
lation patterns that are specific to each group. Age and antipsychotic
exposure were residualized from brain measures and cognitive per-
formance scores. Correlation matrices were constructed by stacking
the between-subject correlations of two blocks of data (e.g., allelic
variants with microstructural integrity of white matter tracts). The cor-
relation matrices were constructed separately for each diagnostic cat-
egory. The matrices were analyzed with singular value (SV)
decomposition to produce mutually orthogonal latent variables (LVs),
each comprised a singular “independent variable image” (e.g., in the
first analysis consisting of DTI measures that reliably contributed to
the LV) and a singular “dependent variable image” (e.g., in the first
analysis a composite of cognitive test scores). Each LV also has an SV,
which is the covariance between the independent and dependent
variable image. The cross-block covariance (CC) is the percent of total
covariance explained by the LV between the two data matrices. In the
first analysis, the weights within the independent variable image are
the linear combinations of FA of the white matter tracts that covaried
with the dependent cognitive performance measures. In the second
analysis, the weights within the independent variable image are the
linear combinations of the allelic variants that covary with white
matter tract FA. For independent measures, for example, in the case
of allelic variation, the weightings reflect the contribution of individ-
ual SNPs to the LV. In the third analysis, weighted linear combinations
of allelic variation that covary with cognitive performance were
shown. Finally, in the fourth analysis, weighted linear combinations
of white matter tract FA that covary with genetic variants and cogni-
tive performance were examined. This final analysis was designed to
model relationships among these three sets of variables to test the
assumption that the effects of genes on cognitive performance are
mediated by their effects on white matter integrity.

The significance of the SV (i.e., whether the LV accounts for an
amount of covariance that is unlikely to have arisen by chance) is de-
termined by permutation sampling that involves randomly reassigning
subjects across groups. Here, we used 1000 permutations. The stab-
ility of these results is then determined by the bootstrap resampling
(done 500 times), which involves sampling the dataset with replace-
ments to derive estimates of standard errors (SE) for the weights of
the independent variables, and 95% confidence intervals for the ob-
tained correlations. The ratio of weight to SE >2.0 corresponds to
approximately 95% confidence limits and was used to establish the
reliability of each independent variable. If the correlation confidence
interval did not include zero, the correlation was considered to be
stable. In parallel, correlation confidence intervals that did include
zero were considered unstable. Thus, when gene variants were exam-
ined in relation to DTI phenotypes and cognitive scores, the bootstrap
ratios for the gene variants reflect the consistency with which a
specific gene variant-DTI or gene variant—-cognition relationship is
manifested reliably across subjects.

Bioinformatic Analysis: In Silico SNP Function Prediction

In silico methods were used to predict potential function of the SNPs
investigated in this study. Depending on location, SNPs were assessed
for alteration in transcription factor binding using MatInspector (Gen-
omatix; promoter and intron 1). The presence of splicing enhancers,
repressors, or intronic regulatory elements (intronic and exonic, sy-
nonymous, and nonsynonymous SNPs) were determined using F-SNP
(http://compbio.cs/queensu.ca/F-SNP/) and Human Splicing Finder
(http://www.umd.be/HSF/). The F-SNP also includes prediction for
the possible damaging effect of the amino acid change using Poly-
Phen/SIFT, etc. We also assessed whether exonic SNPs leading to sy-
nonymous amino acid substitution causes codon usage bias, that is,
the codon changes from a frequently used to a rarely used codon. In
addition, exonic and 3’-UTR SNPs were examined with CentroidFold

predictive software to determine their effects on the structure of RNA
(Hamada et al. 2009); 3'-UTR SNPs were also assessed for alteration
in microRNA-binding sites (http://www.mirbase.org/search.shtml).

Results

Subjects’ characteristics are shown in Table 1. All SNPs
were genotyped at a 100% success rate and were in Hardy—
Weinberg equilibrium (see Supplementary Table 1). No SNP
was significantly associated with schizophrenia following
multiple comparison correction. For DTI measures, patients
had lower FA at all white matter tracts examined, but only the
left UF (Fy117=9.6, P=0.002) met our Bonferroni corrected
threshold of P=0.0042 (corresponding to 12 tracts analyzed).
Nearly all the cognitive tests demonstrated significant differ-
ences between schizophrenia patients and healthy controls
(Table 2).

Relationship Between White Matter Tract Integrity

and Cognitive Performance

In relating brain circuitry to cognitive performance in the
two-group analysis, we found (SV=2.3, CC=56%, P=0.01)
(Fig. 1, upper panel) that the bilateral UF and IFOF, left CB,
right AF and ILF, and genu and splenium of the corpus callosum
were reliably associated with performance on executive func-
tion, language, visuospatial ability, and attention in schizo-
phrenia patients and with attentional measures in controls.
Follow-up analysis in each diagnostic group showed that reliable
white matter tract-cognition relationships in schizophrenia
patients were driven by an almost identical network of white
matter tracts as seen in the two-group analysis: Left UF and CB,
bilateral IFOF, and genu and splenium of the corpus callosum
reliably influenced cognitive tests that measured visual attention,
processing speed, visuospatial ability, language, and executive
function (SV=2.0, CC=67%, P<0.001) (Fig. 1, lower left
panel). In healthy controls, right UF, IFOF, and ILF reliably
predicted cognitive performance in tasks of working memory,
visuospatial ability, visual attention and memory, and motor
speed (SV =1.4, CC=52%, P=0.02) (Fig. 1, lower right panel).

Relationship Between Gene Variants and White Matter
Tract Integrity

In the two-group analysis, a significant LV demonstrated the
influence of MAG rs756796 and CNP rs2070106 on micro-
structural integrity of all white matter tracts (SV=1.6, CC=
44%, P<0.001) (Fig. 2, upper panel) in both groups except
for right CB and AF in schizophrenia patients and bilateral UF
and splenium of the corpus callosum in controls. In the
schizophrenia within group analysis, MAG rs756796 predicted
microstructural integrity of all white matter tracts except right
CB (SV=1.4, CC=64%, P=0.03) (Fig. 2, lower left panel). In
controls, MAG 15756796 and rs720309, CNP rs2070106 and
OLIG2 rs51059004 predicted microstructural integrity of all
white matter tracts except for bilateral UF (SV=1.3, CC=67%,
P=0.01) (Fig. 2, lower right panel).

Relationship Between Gene Variants and Cognitive
Performance

In the two-group analysis, a significant LV reliably demon-
strated the influence of MAG rs2301600 and 1rs720309,
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Figure 1. White matter tract integrity covarying with cognitive performance. Upper panel: Patients with schizophrenia and healthy controls analyzed together. A significant LV
was found with SV = 2.3, cross-block covariance (cc) = 56.4%, P < 0.001. Predictors are those white matter tracts whose integrity reliably predicts cognitive performance (i.e.,
SE to salience ratio >2.0). Cognitive measures reliably correlated with predictors are strongly colored (patients: Upper stack, yellow; controls: Lower stack, purple). This LV was
driven by the relationship of white matter tract integrity of left (L) and right (R) UF, IFOF, right AF, right ILF left CB, and genu (CC1) and splenium (CC5) of the corpus callosum on

coding and digit span, letter fluency and category fluency, line orientation and figure copy,

letter cancellation task, and the executive interview in schizophrenia patients, and trails

ratio score and letter cancellation task performance in controls. Lower panels: Patients (left panel) and controls (right panel) are analyzed separately. Significant LVs were found in
both patients and controls. Predictors are those white matter tracts whose integrity reliably predicts cognitive performance (i.e., SE to salience ratio of >2.0). Cognitive
measures reliably correlated with predictors are colored. In patients (yellow), FA of left uncinate, left and right inferior occipitofrontal, right arcuate, left cingulum, and genu and
splenium of the corpus callosum reliably predicted performance on coding, digit span, letter and category fluency, line orientation and figure copy, letter cancellation task, and
executive interview: SV = 2.0, CC = 67%, P < 0.001. In controls (purple), FA of right uncinate, right inferior occipitofrontal, and right ILF reliably predicted performance on the
trails tests, figure recall, coding, figure copy, grooved pegboard, letter cancellation, and letter number sequence tasks: SV = 1.4, CC = 52%, P = 0.02.

SNP8NRG221533 and SNP8NRG243177, and ErbB4 rs839523
on processing speed, visuomotor speed and attention in
schizophrenia patients, and visuomotor speed and verbal
memory in controls (SV=1.3, CC=25%, P=0.02) (Fig. 3,
upper panel). The examination by the diagnostic group
shows that in schizophrenia patients, the same two MAG
SNPs and SNP8NRG221533 reliably predicted performance
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on the exact same tasks as in the two-group analysis (SV=
1.1, CC=32%, P=0.01) (Fig. 3, lower left panel). By contrast,
in healthy controls OLIG2 rs1059004 and ErbB4 rs839253
reliably predicted performance on tests of memory, language/
executive function, visuospatial ability, visuomotor speed and
dexterity, and working memory (SV=1.0, CC=36%, P=0.05)
(Fig. 3, lower right panel).
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Figure 2. Gene variants covarying with white matter tract integrity. Upper panel: Patients with schizophrenia and healthy controls analyzed together demonstrating a significant
LV of gene variants that reliably predict white matter tract integrity (i.e., SE to salience ratio >2.0). White matter tract integrity reliably correlated as part of this significant LV is
strongly colored (schizophrenia: Upper stack, yellow; healthy controls: Lower stack, purple): SV = 1.6, CC = 44%, P < 0.001. Gene variants in MAG and CNP reliably predicted
FA of all white matter tracts except for right arcuate and cingulum in schizophrenia patients and bilateral UF, right arcuate and splenium of the corpus callosum in controls. Lower
panels: Patients (left) and controls (right) analyzed separately. Significant Vs were found in each group where gene variants reliably predict white matter tract integrity (i.e., SE
to salience ratio >2.0). White matter tract integrity reliably correlated with genetic predictors is strongly colored. In patients (yellow), the MAG rs756796 SNP predicted integrity
of all white matter tracts examined, except for right CB: SV = 1.4, CC = 64%, P = 0.03, while in healthy controls (purple), MAG, CNP and OLIG2 SNPs predicted integrity at all

white matter tracts except left and right UF: SV = 1.3, CC = 67%, P = 0.01.

Relationship Between Gene Variants, White Matter Tract
Integrity, and Cognitive Performance

The final PLS analysis modeled the effects of gene variants on
white matter integrity and the resultant effects on cognition.
The effects of the MAG rs756796 and CNP rs2070106 variants
on executive function, attention, and processing speed were
reliably mediated by nearly all major white matter tracts in
schizophrenia patients and by bilateral ILF in healthy controls
(SV=2.6, CC=43%, P<0.001) (Fig. 4, upper panel). When
the groups were examined separately, the effects of the MAG
rs756796 on executive function and attention in schizo-
phrenia patients were reliably mediated by integrity of
all white matter tracts (except left UF) (SV=2.3, CC=063%,
P=0.05) (Fig. 4, lower left panel). In healthy controls, effects
of MAG rs756796 and rs720309 along with CNP rs2070106
and OLIG2 rs1059004 on visual attention and processing

speed were mediated by bilateral ILF and IFOF, along with
right UF, AF and splenium of the corpus callosum (SV =2.0,
CC=53%, P=0.02) (Fig. 4, lower right panel). A summary of
all of the PLS analyses is provided in Figure 5.

In Silico SNP Function Prediction

In silico predictions for the OLIG2 rs1059004, in the 3'-UTR,
demonstrated that the presence of the C-allele, but not the
A-allele, predicted transcription factor binding for two factors,
zinc-binding protein factors (ZNF219) and EGR/nerve growth
factor induced protein C and related factors (WT1). The pres-
ence of the A- allele predicted a binding site for microRNA
hsa-miR-323-5p and hsa-miR-608. The synonymous exonic
CNP SNP 152070106 was associated with alteration in free
energy of the predicted local mRNA structure (100 bp oligo-
nucleotide, CentroidFold). The free energy of the A-allele
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Figure 3. Gene variants covarying with cognitive performance. Upper panel: Patients with schizophrenia and healthy controls analyzed together. A significant 1V was found
where gene variants reliably predict cognitive task performance (i.e., SE to salience ratio >2.0) (patients: Upper stack, yellow; healthy controls: Lower stack, purple). Cognitive
tasks reliably correlated with genetic predictors are strongly colored: SV = 1.3, CC = 25%, P = 0.02. Here, the pattern was driven by the relationship of MAG, NRG1, and ErbB4
SNPs reliably predicting performance on the coding, grooved pegboard, and letter cancellation tasks in patients, and list recall and grooved pegboard in controls. Lower panels:
Patients (left) and controls (right) analyzed separately. Significant LV were found in each group patients, where gene variants reliably predict cognitive task performance (i.e., SE
to salience ratio >2.0). Cognitive tasks reliably correlated with genetic predictors are strongly colored. In schizophrenia patients (yellow), MAG and NRG1 SNPs reliably predicted
performance on the coding, grooved pegboard, and letter cancellation tasks: SV = 1.1, CC = 32%, P = 0.01. In healthy individuals, OLIG2 and ErbB4 SNPs reliably predicted

performance on memory, language, visuospatial ability, visuomotor speed, working memory, and executive function: SV = 1.0, CC = 36%, P = 0.05.

carrying mRNA was —16.70 kcal/mol compared with the
G-allele carrying mRNA —26.40 kcal/mol. Alteration in an
exon splicing enhancer was predicted at MAG rs2301600
(http://www.umd.be/HSF/). Functional information for NRG1
SNPs and the ErbB4 SNP agreed with previous descriptions
and analyses (Law et al. 2006, 2007) (see Supplementary

Table 2).
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Discussion

We conducted a study in 60 patients with chronic schizo-
phrenia and 60 matched healthy controls examining relation-
ships among oligodendrocyte and NRG1-ErbB4 gene system
variants, microstructural integrity of cortico-cortical and
cortico-subcortical white matter tracts, and cognitive perform-
ance using the multivariate PLS approach, followed by
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Figure 4. Integrity of white matter tracts mediating relationships between gene variants and cognitive performance. Upper panel: Schizophrenia patients and healthy controls
analyzed together. A significant LV was found where microstructural integrity of white matter tracts reliably mediate relationships between gene variants and cognitive task
performance (i.e., SE to salience ratio of >2.0). Gene variants, white matter tracts, and cognitive tasks reliably correlated (95% confidence interval) are strongly colored: SV =
2.6, CC = 43%, P < 0.001. Here, nearly all white matter tracts in schizophrenia patients: Upper stack, yellow, and right and left ILF in healthy controls: Lower stack, purple,
mediated the relationship of MAG and CNP SNPs with cognitive performance on coding, letter cancellation task, and the executive interview. Lower panels: Schizophrenia
patients and healthy controls analyzed separately. A significant LV was found in schizophrenia patients (yellow), where microstructural integrity of all white matter tracts
mediated the relationships between the MAG rs756796 SNP with performance on visuospatial and visuomotor speed tasks, and executive function: SV = 2.3, CC = 63%, P =
0.05. In healthy contrals, bilateral ILF and IFOF, left AF and UF, and splenium of CC mediated effects of MAG, CNE and OLIG2 SNPs on coding and trials BA ratio scores: SV =

2.0, CC = 53%, P = 0.02.

bioinformatic analyses of gene variant function. We identified
significant and reliable LVs predicting the influence of white
matter tract integrity on cognitive performance both in con-
trols and patients, but driven overall by the patient group.
Combined genetics and neuroimaging data showed that var-
iants from the MAG, OLIG2, and CNP genes influenced white
matter tract integrity and cognitive performance. Finally, our
data demonstrated that effects of oligodendrocyte gene var-
iants on cognitive performance were mediated via the integ-
rity of white matter tracts in both controls and patients, but
again driven by the patient group. As hypothesized, gene
variants played a more prominent role in influencing brain
phenotypes (i.e., white matter integrity) than cognitive phe-
notypes (i.e., cognitive performance), and in certain analyses,
particularly robust covariance structures were elicited in
schizophrenia patients. Taken together, our data support the
importance of the oligodendrocyte/white matter pathway of

disease in schizophrenia (Bartzokis 2002; Bartzokis et al.
2003; Davis et al. 2003; Bartzokis and Altshuler 2005; Kubicki
et al. 2005, 2007; Szeszko et al. 2005; McIntosh, Maniega
et al. 2008) by identifying key relationships among oligoden-
drocyte risk variants, white matter tract integrity, and cogni-
tive performance in this disorder.

White Matter Integrity and Cognitive Performance

Our PLS analysis provides a “big-picture” of the relationship
between microstructural integrity of several major white
matter tracts and performance on a battery of cognitive tests
in healthy controls and patients with schizophrenia, while
controlling for correlations among dependent variables. In
patients, microstructural integrity of the left UF, CB, bilateral
IFOF, right AF and ILF, and corpus callosum (Kubicki et al.
2007; Friedman et al. 2008) predicted cognitive performance
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in domains impaired in schizophrenia, namely executive func-
tion, visual attention, visuospatial ability, language, and pro-
cessing speed (Bokat and Goldberg 2003; Gur et al. 2007).
Although others have identified relationships between white
matter tract integrity and cognitive performance in schizo-
phrenia (Fitzsimmons et al. 2009; Perez-Iglesias et al. 2010),
our finding provides a novel window into the complexity of
these relationships. Our findings are congruent with func-
tional imaging data and they suggest that compared with con-
trols, patients with schizophrenia have a broader networks of
white matter tracts reliably associated with cognitive task per-
formance (Tan et al. 2006; Ursu et al. 2011). The relationships
discovered in the two-group analysis for schizophrenia
patients remained almost entirely consistent for the within-
group analysis in patients, unlike the controls, suggesting that
the covariance structure in the two-group analysis was driven
by the schizophrenia patients. Therefore, the white matter
tracts that we examined likely play an especially important
role in cognitive function in schizophrenia patients. Such
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findings suggest that a subtle perturbation in vulnerable white
matter tracts may disproportionately impact cognitive per-
formance in schizophrenia, possibly due to decreased cogni-
tive reserve present in this disorder (Dwork et al. 2007).

Gene Variants, White Matter Integrity, and Cognitive
Performance

By combining genetics, brain imaging, and cognitive data, we
found novel evidence for the effects of oligodendrocyte gene
variants on white matter tract integrity and cognitive function
in both healthy individuals and in patients with schizo-
phrenia. Variants in the MAG, OLIG2, and CNP genes influ-
enced both microstructural integrity of white matter tracts and
cognitive performance. To our knowledge, these are the first
reported findings associating variants in these genes with
white matter tracts and cognitive performance. Using PLS, we
were able to show that these variants influence a network of
white matter tracts, rather than any one tract alone. Our data



also provide evidence that these gene variants’ effect on cog-
nition in schizophrenia is mediated by subtle, but neuroanato-
mically widespread, disconnectivity in white matter circuitry.

Among the genes that we studied, OLIG2 is a basic helix—
loop-helix transcription factor, a master regulator of oligoden-
drocyte lineages, necessary for their genesis and myelination
(Jakovcevski and Zecevic 2005; Georgieva et al. 2006; Nicolay
et al. 2007). Its effect on brain circuitry and cognitive per-
formance may occur by influencing expression of other oligo-
dendrocyte genes across development as OLIG2 is expressed
in both precursor and fully matured oligodendrocytes. The
MAG gene is also important for oligodendrocytes and the
myelin sheath, where it is critical for axo-glial interactions (Li
et al. 1994; Schachner and Bartsch 2000) and is a key com-
ponent of the myelin-mediated complex that inhibits axonal
growth (Domeniconi et al. 2002). Although the putative func-
tion of individual MAG SNPs that we found associated with
microstructural integrity of white matter is not yet clear, the
MAG variants that we examined have been previously associ-
ated with schizophrenia, and downregulation of MAG in post-
mortem brain is a well-replicated finding in this disorder
(Voineskos, Lang et al. 2008). Reduction in MAG expression
can disrupt the exquisite balance of the myelin-mediated
complex of inhibition of axonal growth (consisting of
Nogo-A, oligodendrocyte myelin glycoprotein, tyrosine-kinase
receptor ErBb3, and the Nogo-66 receptor). In turn, this
would lead to disorganized axonal sprouting and influence
microstructural integrity of white matter and cognitive per-
formance (Voineskos 2009). This protein complex may be a
worthwhile target of treatment intervention for cognitive defi-
cits in schizophrenia and is currently a site of intensive re-
search in the central nervous system injury field (Budel et al.
2008). Given recent convergent evidence for a role for the
Nogo-66 receptor gene in schizophrenia (Voineskos 2009), an
examination of potential epistasis between this 22q11 region
gene and its binding partner (MAG) would also be of interest.
The MAG gene has correlated expression with the CNP gene
and may be regulated by similar “upstream” factors (McCul-
lumsmith et al. 2007).

NRG1 variants were not reliably associated with microstruc-
tural integrity of white matter, but were associated with cogni-
tive performance in patients with schizophrenia. Others have
reported effects of NRG1 variants on white matter integrity in
healthy controls (McIntosh, Moorhead et al. 2008; Winterer
et al. 2008) and in schizophrenia patients (Wang et al. 2009).
There is substantial evidence for NRG1 as a risk gene for
schizophrenia (Li et al. 2006; Munafo et al. 2006), and NRG1
plays key roles in proliferation and survival of oligodendro-
cyte precursors, oligodendrocyte differentiation, and CNS
myelination (Chen et al. 2006; Nave and Salzer 2006; Taveggia
et al. 2008). However, genetic association studies of NRG1 in
schizophrenia have not always been consistent. One possible
explanation for the lack of reliable association with NRG1 and
white matter integrity in our study is that NRG1 variants may
influence risk for specific subgroups of patients, rather than
for the disorder as a whole (Georgieva et al. 2008). This is
supported by the fact that conventional univariate statistical
analysis reveals significant effects of this variant on white
matter tract integrity (data not shown) in our sample com-
bined with the fact that this effect NRG1 variation on white
matter tract integrity did not quite reach our reliability
threshold (the salience to SE ratio was 1.98). The fact that this

significant effect is not reliable demonstrates the value of
using reliability/bootstrapping measures to ensure that de-
monstrated effects are not driven by a subsample of the data.
NRG1’s effects on cognitive performance might also be
mediated via white matter tracts that we did not study, such
as the anterior thalamic radiation. Finally, it is possible that
risk for NRG1’s effects on cognitive performance may occur
via effects on oligodendrocytes and other cellular substrates
in gray matter rather than white matter, possibly due to upre-
gulation of NRG1 isoforms in postmortem schizophrenia
brain (Law et al. 2006). The gene variant located in NRG1’s
binding partner, ErbB4, did not influence white matter phe-
notypes, but, like NRG1, was associated with cognitive per-
formance. ErbB4 demonstrates coordinated expression with
CNP and OLIG2 in postmortem brain (Georgieva et al. 20006),
and the SNP we examined was associated with integrity of
the UF in a recent study (Konrad et al. 2009). Given the con-
siderable genetic heterogeneity of schizophrenia, ErbB4 (and
QKI—which was not associated with phenotypes in our
study), like NRG1, may be important only in certain subsets
of patients. Alternatively, there may be smaller effects of these
gene variants on imaging and cognitive phenotypes that
could not be detected in our sample.

Genes to Brain to Bebavior Model

In an attempt to mirror the underlying biological processes
(i.e., genes to brain to behavior), our final PLS analysis
modeled white matter tract integrity as a group of variables
mediating the effects of genetic variants on cognitive perform-
ance. This analysis highlighted three patterns in our data.
First, relationships among gene variants, white matter tract in-
tegrity, and cognitive performance were found across all sub-
jects. Second, the strongest relationships occurred between
genetic variants and white matter integrity. Gene effects were
more pronounced at the proximal level of the brain than at
the distal level of cognition, supporting the imaging genetics
paradigm. Finally, rather than influencing any single white
matter tract, gene variants affected the system of white matter
tracts we examined, supporting a broad effect of oligodendro-
cyte genes on cortico-cortical connectivity in white matter.
The same system of white matter tracts predicted cognitive
performance in patients providing biological continuity from
genetic variants to brain circuitry to cognitive performance.
These results also support that genetic variation is an impor-
tant determinant of heterogeneity of brain structure and cog-
nitive performance in both healthy individuals and in patients
with schizophrenia.

Overall, there are several advantages to using a multivariate
type approach (we used PLS, but others are using indepen-
dent components analysis [Calhoun et al. 2008] for instance).
In general, as the field moves toward embracing biological
complexity, particularly in light of technology that can
provide information on multiple gene variants and multiple
brain measures, multivariate approaches are become increas-
ingly necessary in order to ascertain relationships among all
the data (Tura et al. 2008). Furthermore, mediational relation-
ships can be demonstrated that are biologically meaningful.
Another benefit of such an approach is that the “P-value
chase” that plagues our field and leads to many false-positive
findings, especially in genetics, is bypassed using these ap-
proaches (Ioannidis 2005). In addition, the debate about how
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to set an appropriate P-value (i.e., via Bonferonni correction,
false discovery, or other types of corrections) is also obviated
(Sullivan 2007; Meyer-Lindenberg et al. 2008). Finally, the
combination of permutation and bootstrapping analyses,
while not necessarily providing conventional tests of “differ-
ences” between groups, supplies quantitative data that speak
significance of LVs and simultaneously, presence versus
absence of reliable relationships within each LV. The permu-
tation test assesses whether the effect represented in a given
LV is sufficiently strong, in a statistical sense, to be different
from random noise. While permutation tests indicate whether
a signal can be differentiated from noise, they do not index
signal reliability. Although detection and reliability are
strongly related, they are not mutually exclusive (McIntosh
and Lobaugh 2004). The bootstrap adds an important comp-
lement to the overall assessment of significance in PLS, in that
the technique allows one to de-emphasize signals that are not
reliable.

Limitations

A limitation of our study is that other gene systems—such as
the glutamatergic, oxidative stress, and autoimmune/cytokine
systems—may influence the oligodendrocyte/white matter
pathway in schizophrenia (Salter and Fern 2005). Future
investigations should examine the collective role of variants
from these gene systems and their relationship with white
matter integrity in schizophrenia. However, we focused on
two gene systems and carefully selected each variant based on
strong a priori evidence. It is also possible that other gene
variants in linkage disequilibrium with the variants we exam-
ined may be the true causative variants influencing our phe-
notypic measures. Similarly, we did not examine all major
white matter tracts. Our DTI acquisition sequence was not
cardiac gated (Jones et al. 2002), and thus, we were at some-
what higher risk for introducing artifact; however, all scans
were checked for major artifacts prior to inclusion for analy-
sis. It has been shown that experiential circumstances (Scholz
et al. 2009) can influence brain structural measures, including
FA, and although we attempted to limit the effects of sub-
stance use in our sample, the effects on brain structure from
other types of experiences cannot be ruled out. Finally, we
residualized antipsychotic exposure from dependent variable
measures and recent evidence does not support medication
effects as a confound on white matter tract microstructure
(Zhang et al. 2008; Perez-Iglesias et al. 2010). However, like
with experience, the confounding effects of medication on
white matter and cognition in our schizophrenia group
cannot be ruled out.

Conclusion

In summary, taken together, our genetics, neuroimaging, and
cognitive findings provide novel evidence that support a
key role for the oligodendrocyte/white matter pathway in cog-
nitive function in both healthy individuals and schizophrenia
patients. We have provided novel evidence linking the effects
of oligodendrocyte gene variants on white matter tract integ-
rity and cognitive performance. Our findings highlight the
need for therapeutic strategies aimed at this pathway that may
help ameliorate cognitive impairment in schizophrenia.
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Supplementary material can be found at: http:/www.cercor.
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